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This report was prepared in compliance with the pro-
visions of National Aeronautics and Space Administra-
tion contract NAS 5-916, "Research Study to Determine

Propulsion Requirements and Systems for Space

Missions."

ABSTRACT

Volume I is a summary of the results and recommendations
of a "Research Study to Determine Propulsion Requirements
and Systems for Spaée Missions.” The investigation was
directed toward characterizing propulsion systems for
foture spaee missions, providing preliminary data and

optimization criteria, and determining specific propul-

sion areas which require future investigation.

(Unclassified Abstract)
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development; {(2) or a minimum efforf approach can‘be undertaken
'simply‘based on personal (and possibly prejudiced) concepts in
propulsion requirements. DUesign and developmsnt could be initiated
irmediately, but later modifications to make the system usable in

the various épace missions would probatly be required.

In ﬁhis spacé'propulsion investigatiod a realistic épproach which

is between thes two extrémes has beeh follcwéd to provide the best
poasible informstion within the contract period. Previcus experience
in engine and system optimizations provided 'a knowledgable selection
of what cgitéria affect engine design and performance, and the

ceneral methods of propulsion analysis.,

Where past studies have indicated trends these results are employed

and supplemented with additional analyses.

Since the investigation has been directed to be a broad establishment

-

of propulsion requirements, the intent was not to establish detailed

propulsion design,

Technology advances may change some of the conclusions; however, an
attempt has been made to anticipate advancements in design technology

{lower weights, improved insulatiop, etc.).

1.2 R-3208
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In evalusting propulsion systems, the requirements specified haie_
not been subjected to extensive influence by current trends er
capabilities; that is, propulsion systems needed immediately for

an initial space mission project and governed by current struetural,
guidance, and subsystem designs have been somewhat divorced from

this study, since the purpose was to establish propulsion requirements

for future optimum system designs.

The study has been divided by effort, and reporting, into twe
phases., The first phase consisted of generalized missien and
trajectory maneuver snalysis, together with a preliminary
propulsion analysis. The second phase effort was directed to
anslyze certain recommended space systems in further detail. The
detailed descriptions of the study effort and results are presented
in Volume 2 (Phase 1) and Volume 3 (Phase 2) of this report. The
results and conclusions from these studies are summarized and

presented in this volume (Volume 1).

1=3 n-3208




ATy R NG T ARIE R AR Avee Tt ap

GONBIDEMNL

INVESTLGATION SCOFE AND PHILOSOPHY

)

A brief outline of the mamner in which the two phases of the study
were conducted is presented in the flow charts, Table 1-1 and 1-2.

As indicated, Phase 1 was begun with a comprehensive review Sf the
literature concerned with space missions and propulsion., From

this review, realistic space missions were selected for consideration
“in the study. These selected missions are composed of a variety

gf propuléive mageuvers, many of which are common to ceveral space
missions, Tp facilitate the analysis, these maneuvers wore outlined,
and ;he propulsive analyses conducted on a maneuver basis, Tnroughout

this maneuver analysis, the literature was scrutinized for useful

information,

Following the extensive analysis of space propulsive maneuvers,

these maneuvers were fecombined.into the selected space missions,
A‘revieu.of current, and proposed booster systems was initiated and
basié vehicles were selected as applicable for future space missions.
A preliminary investigation of space vehicle stages for these boosters
was conducted to indicate performance in the selected space missions,
Various propulsion syétems (liquid propellant, solid propellant,

thermo-nmuclear, ion-electrical, etc,) were then considered for the

I-5 R-3204
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space stages ana evaluated regarding their utility in the mission.
Based on the performance, and réview of space payload requirements, -
promising }iquid—propellant prcpulsion systims that would provide

a useful payload with a basic booster vehicle wére recommended for

further study.

The Phase 2 effort was directed to consider three space missions:
soft lunar lsnding and return, Mars orbit establishment, and earth

orbital rendezvous, The latter mission was to be considered secondary in.

importance,

A variety of methods of accomplishing each space mission trajectory
wes considered, and the most desirable method selected in‘a
continubtion of the Phase 1 trajectory/maneuver studies. Space
vehicle systems to achieve tge mission were iﬁvestigated and
described in terms of staging and propulsion requirements. The
propulsion systems to be used in the space missions were analyzed
in considerable detail regarding such parameters as propellants,

feed systems type, etc. Effects of the space environment, operating

parameter selection, and transient operation effects were considered.

\ 1-8 R-3208
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Based on the investigation results a 1ist of specifications
describing the propulsion system requirement that should be
%onsidered in selecting and eveluating a propulsion system for
‘ a sp#ce mission was developed. For the three space missiens,
the specification listing was also compiled for the selected
prppulsion‘systems. ~From the effort conducted,-recommcnded
future investigations necessary to completely charlcterize the
space mission and propulsion system have been formulated and

listed.

1-9 R-3208



SUMMARY

The following items briefly summarizeé the results of the study.

T,

Propulsion System - A number of propulsion system studies were

conducted, The conclusions of these investigations are listed below.

A.

High-energy, liquid propellant systems offer significant per-
formance advantages over other combination53‘ Upon their further
development, more advanced systems such as nuclear and ion will
offer tremendous performance advgntages over the more ¢enventional
1iguid propellant syétems. |
The ervirommental factor exerting the mnst signiffcaﬁt effect. on
the space propulsion system is heat transfer leading to prOpellan{
heating,

For long periods of storage in space, the heat transfer internal
to the propulsion system (conduction through structure, etc.)

may lead to excessive propellant heating and in conjunction with
external heating iimit tre use of high-enerpy, crvopenic propellants.,
Use of a fuel loading blas ie advantageous in reducing trapped

3

rropeliants particularly 4n the cryvopenic (LO?/LH2) sV Slemsa.
Space propulsion systems suprlyins large amounts of eneryy may
uge propellant utilizatden systems te advantage ip reducing
£rappnd propellante,

Thraat vector control remudrements are small Vot recesanry,
Thruat, chaﬁher performance losses dde to tirettling arp £13ipht,

Variation 4r apace vehicle veleoclty due Lo vartations 4n main

enpina ~rutoff Impulae are on the order of 1 fns or leong,

1-10
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IT. ZLunar Landing and Return Mission - This mission was inveg
based on a space vehicle placed in an Earth orbit by a NO& L.
booster vehicle, The conclusions helow are generally based on
this space vehicle whose gross weight is 354,000 1b,

A. Two methods of accomplishing the lunar mission are generally .
available: |
1, Direct lunar landing
2. Lunar landimg via an intermediate orbit, The latter method

is generally recommended for mammed missions,

Bs Two-stage vehicles are recommended for both methods, Fop the
direct landing, staging occurs at lunar surface. For tﬁe inter;
mediate orbit method, staging oecurs in the lunar orbit,

C. Oxygen/hydrogen, pump~fed propulsion systems are recommended for
all space stages for both methods, .

D. The first-stape engine for the vehicle using an intgrmediate
orbit should have a thrust in the 100,000 to 200,000-1b thrust
range, The optimum thrust is 125,000_1b'thru§t or a thrust-to-
Earth weight of ahout 0.35. <

E. The second-stage engine for the vehicle using an intemmediate

orbit should have a thrust of about 77,000 1b thrust. ({Earth-
thrust-to-weight ratio of 0.68.) This thrust level depends on
the height of the second intermediate orbit., The propulsion

system should have the capability of 6:1 step throttling and 6

percent continuous throttling,

F., For the direct lunar landing the first stage should have a thrust

of 200,000 to 300,000 1b thrust (Earth thrust-to-weight ratio of 0.
1-11
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G. The second stage of the direct landing vehicle should have a

thrust of 10,000 to 80,000 1lb thrust (Earth thrust-to-weight
ratio of 1.5). .

. In most of the propulsive maneuvers for the lunar mission the
thrust level has only slight effect on the payload capability.
Operation at off-optimum conditions does not unduly affect

the payload capability.

I. Space vehicle size has little effect on the propulsive maneuvers

L.

used in accomplighing the lunar mission. For small vehicles,
kowever,ﬁa manned mission would be unfeasible, and the direct
landing arproach might be selected over the intermediate orbii
method.,

Space vehicle size should not influence the use of L02/1H2 pro-
pellanté to any great extent. For the relatively short times

involved in the lunar mission (1 to 2 weeks) cryogenic pro-

pellants gould be maintained even in fairly small vehicles.

. Thrust level can e scaled according to the vehicle gross weight.

to Earth,
Mars Orbit Establishment - This mission was investipated based on

a space vehicle placed in an Earth orbit by a NOVA H-6% bonster

vehicle., The conclusions below are generally based on this space

vehicle whose gross weight is 351,000 1b,

i

A, The Mars mission consisted of departure from an Earth orbit

and simultaneous plane change., A preliminary orbit is

1-12
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established around Mars, This orbit is corrected to the

desired 300 n mi orbit,

Transfer times on the order of 200 days are considered.

A two-stage vehicle is recommended. The first stage accomplisches
the Eargh departure maneuver, The second stage establishes an
orbit about Mars and provides corrections to establish the 300

n ﬁi orbit, .

For this large vekicle the oxygen/hydrogen propellant éombination’
is ;ecomménded for both stages. Some’propeliant Ptorage.problems
may occur iﬁ thé second stage. Further and more detailed investi-
gations of fhis problem may jndicate ﬁhat a storable propellant
system 1s warranted,

Since the energy requiréments vary with the launch date, it'is
recommended that the Mérs vehiicle be designed witﬁ the propellant
capzcity for lahuching over an interval of dates;: Although
decreasing the payload capsbility, this provides a realistic,
flexible desipgn approach,

The first-stape engine has a thrust of 150,000 1b (Farth
thrust-to-weight, ratic of 0.50),

Second-stape thrust was 30,000 1b,

Thrust level has but slipht effect on paylead capability, Oper-
ation of off-optimum conditions daés not unduly affect the payload
capahility. .

Space vehicle size has little effect on the pfnpulsive maneuvers

used in accomplishing the mission.

1~13
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carth (rbital Fendezvous

Tarual tevel can te penerally scaied according to vehicle
size,

Vehicts size should not iafluence the use of higr-energy
sropellants in the first stape,

The use of crvogerics in the second stage is definitely
affected hy veldcle size. ise of LDy/IHp in vehicles

srmaller th:in Yhat considered might be urattractive due to

the extensive insulation requirements, Meore detailed analyses

nf the heating problem should he considered.

-~
¢

n the rendézvous nission, the propulsion system parameters
(t'rust specific impulse, etc.) do not significantly affect
verfermance. | |

Missjen operational aspects are important and significantly
affect the mission maneuver description.

For the selected rendezvous mission involving a 5 degree
vlane chanfe requirement, the rendezvoused payload 19

considerahly reduced from that payload ordinarily placed

in a 307 n mi.

1-14 ~ E~23208




DESCRIPTION OF RESULTS

VEHICLE REQUIREMENTS

A review of the requirements for manned space missions has indicated
the necessity for Ala.rge booster systems; or of a successful system for

orbital rendezvous and space stage buildup for marmed space missions,

Anr investigation ofi manned space ca.p;mlé requirements has been

conduc ted a:.xd the resultant space capsule Jweights have been summarized
'in Fig. 1-1 (less propulsion syst;m weight), For a mammed lunar mission,
(3 men and appro;dmate'ly 10 days duration) an earth return capsule weight
of approximately 30,000 1b is required based on current assumptions for
adequat}e Van Allen and solar radiation shielding, Of the 30,000 1b,
17,000.lb is radiation shieldihg, ‘and 6,000 1b is for short-transporta-
tion, taxi capsules, If these items were omitted, the space capsule
weight would be only 7000 1b, 1If a system for forecasting solar flares
can be devised, a major portion of the 17,000 1b for radiation shielding

could be eliminated,

In Table 1-3 are presented the preliminary estimates of space ‘mission

payload ;:apabilities. Analysis of these payloads (Table 1-4) indicate

that booster vehicles larger than the Atlas and Saturn C-l systems should be
considered in ordcr to present a comprehensive investigation of space missions,

Thus, the Nova systems have bee;l included in the analysis so that the effect of

1-15 R-3208
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SPACE CAPSULF WEIGHT (NO PROPULSION SYS’I'EM),

400

30

Food, kWater, Oxygen
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Beyond 100 Days)

Furnishings, Communications
Scientific Experimental Equip.

Meteoroid Hull,
Insulation, and
Miscellaneous

Loaded Taxicapsules (3)

10000

. Shielded Radiation
Compar tment
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0
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i
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Figure
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L
<00 300 400 500
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Three-Man Space Capsule, No Propulsion System
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TABLE 1

PAYLOAD CAPAZILITY FOR SPACE MISSICUS

VEHICLE 300 N, M. 2/, Hour Soft Iunar  Lunar Satel, & Lun
orbit Orbit Landing Return to & R
‘ Farth's Surface Iar
(Aerodynamic)  (Ae

Atlee Centaur 8,500 2,600 1,750 1,370
Saturn Cel 24,300 7,500 5,000 3,900 1,
Saturn C-2 50,630 15,600 10,300 . 8,100 2,
Saturn suclear 68,200 21,300 15,200 12,400 Ly
Tayn P2 73,000 22,500 15,000 11,700 4
. e -
fiove H-2 118,000 33,300 24,,000 18,800 o
lova Red 146,000 15,000 30,000 23,400 8
Nowva H-4 236,000 72,700 48,000 38,100 13
Nova H-6 354,000 109,000 . 72,000 56,500 19
Nova Ned 505,000 198,800 126,000 101,000 35
P¢
}
Ps

* A

LDZ/Lﬂz Purp-Fed Propulsion System 1s used for Space Stages.

For the Nova class vehicles, the letter repregents the second stage
prcpellant: R- RP-1, H-hydrogen, N - muclear., The number designates

the rmumber of F-1's clustered in the first stage of the Nova wvehicle.



-
s

f

BASED ON CURRENT BOOSTER VEHICLES

ir Landing Lunar Landing Mars Satel, & Soft lars Venus Satel, & Soft Venus
sturn te & Return to Return to Landing Return to Landing
thts Surface Earth Earth Earth Jon-Aerodynamic/
rodynamic) Orvit Orbit Orbit
450 250 _ 190 469 : 175 165
350 ~ 800° 540 1,330 500 480
200 1,650 T 1,120 3,590 1,050 ,995
160 2,450 1,580 3,940 1,870 1,775
100 2,350 1,610 4,000 1,510 1,435
| 700 3,850 2,600 6,490 2,440 2,320
,300 4,750 3,220 8,000 3,020 2,870
» 300 7,650 5,200 13,000 4,880 4,640
,000 20,000 13,400 32,600 14,650 13,900
‘ﬂential Unmanned
gnned Payloads
yloads

1-17
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large payloads on the desipgn of space propulsion systems can he studjis 3,
The payload capabilitdes presented are preliminary, since many of the
vehicles are nct designed or bullt, mut the data do accurately indicate

the trend in sSpace mission capabilities,

For a manned Mars orbital and return space capsule, an aporoximate
70,000 1b system was found necessary based on the shielding assump-
tions, A four stage liquid-chemical propulsior system {with 70,000 1b
space capsuls) would require approximately a three 1o 1linn 1b spoce
vehicle initially in an Earth-orbit; a two 3tage nuclear propulsion
vehicle could reuuce the gross weipght in orbit to approximately

850,000 1b; and an ion propulsion space vehicle, to approxisately

§~d

175,000 1o, Ihus, if the liquidechcmical system were emplo,ed, orbitd
buildup would be required with even the largest NOVA systams consideresd,
With the ion systen, a single Heb could place bhe onacs vearicic an

the starting ortit,
PROPULSION SYSTEMS FOR G2ACE
A variety of propulsion system types were considerad for applization

in sgpace misaions, These systems are comparvd »n the basis of aveaili-

able specific impulse and characteristic thrust-to-weipht ratios in

Form 808 2 % [ Valium) Sev - A2
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13quid Propeliant Propulsion Systems

Feview of the snace propulsicn reguirements indicated that the high-
energy, cryogenic, liquid—prOpellant systems héve a perfomarce
advantagze over "Earth-storable” liquid systems. Since the velocity
requirements for most Spacé maneuvers are large, the high-energy cryo-
gemic systems weuld be recohmended for almost all applicatioms. Only
at the lou'gufapplicétions, or where some conslderatior othaer than

performance was influential, wculd an "earth-storable" sysian compete.

Consideratinn o Lhe storapge proklems asgociated with cryogenic propellents
indicates ﬂhat the severe propeilant heating occurrdne in some vmissicus
would nrcessiiate such 5 large amﬁunf of insulatior for the eryopenics

that the storalle propeliant sysiems woule provide a lorger vaylond,

‘s

5

In missions recnivin, eviremely icong storgge times (returr. Jrom Mars
missions) the earith storable prepeiiants ma; he used to advanlape. This
ie discussed further in a Tater section.

Solid Fromeilant Frorulsion Systens

The relatively low .veciiic irpulse associaled #ith most scldd pr-oellant

svetems limite their u ;licability For s-ar= nropulsion marc verc, Tre

hipher rerformance 1%¢:7d systiems rrovide a cimificant vavloss acvaniapre,

. 1_21 |
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The high thrust-to-weight ratios associated with solid propellant
motors are not reguired for mcest space maneuvers. The liquid system,
desipned for a low thrust-to-weight provides a reduction in inert
weight that further enhances their comparative performance. .This pay-
Joad advantage increases as mission velocity requirements increase,
Only for space propulsion manevvers requiring less tham 10C0 1o 2000
ft/sec de =01id propellant systems appear to be cnmparafive unless 3
figh trust-to-weight ratio {inherent in the solid propellant designs)

is regvired. “n abort eccape rocket system may be such an examnle.

Nuclear Propulsion

Performance advantages of a miclear propulsion system for orbital

eccape maneuvers indicate these systems will find definite appli-
cations in this area in fvture space missions. Suborbital {light with
nuclear propulsion regulres a close review of possible hazards assécjated
with nuclear engine cperation. The development schedule f&r nuclear

engines l1imits their immediate applicability for space propulsien.

Ion-FElectrical Propulsicn Svstems

Feview of verformance requirements for marmed interplanetary flight tends

to indicate that ion rropulsion systems will be required for such missionse
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These systems, with their inherent high specific impulse (8000 to
12,000 sec) will rrovide the high-weight manned payload return capsules
with a feasible initial space vehicle weight. The ion system has two
basic limitations: first, the Earth booster and the planetary landing
missiecns require an additional high thrust-to-weight propulsion

system for these propulsion phases: second, ion thrust levels

.required for manned space missions are appro;imately 10 to 20 1b; this

far exceeds the cnrrent development status for these engine systems,

The zoﬁ-electrical propulsion system alsoc finds application for attitude
control of earth orbital or interplanetary space vehicles. Low thrust-
to~welghts are required in this application, making the ion system a

prime contender because of its high specific impulse, This factor is further
ehhanced if an electrical power source, such as a nuclear reactor system,

is required for comﬁunication and other system power requirements.

PROPULSIVE MANEUVFR DESCRIPTIONS

The propulsive maneuvers used in accomplishing space missions can be
performed in a number of different ways. In the study of many of these
maneuvers, certain methods of performing them arpeared more advantageous

than others, Other maneuvers, such as the landing maneuver, possess
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myrid possibilities and it is difficult to select a single method as
the most advantageous at the present time, To provide a crncise
description of the various maneuvers necessary for space flight#, a
brief discussion and summary is provided., The genefal philosophy of
accomplishing each maneuver is explained and methods holding pariicular

advantage (if any exist) denoted,

Earth Vicinity Maneuvers

The following maneuvers are those that generally occur in the vicinity
of the earth, being initiated at the earth's surface or in a low altitude

earth orbit,

Orbital RPerdezvous. This maneuver was studied considering two vehicles

initially separated due to launch jnaccuracies, to rendezvous in a

379 n. mile parking orbit, On the basis of ﬁinimum fuel requirements

£he method of accomplishing the gross changes of this maneuver cohsistéd
of a plane change at node with an eccentricity change fof circulérization
of the orbit at apogee or peri;ee (depending upon the change in the major
axis) to establjsh the 399 n. mile circular orbit, Terminal phase of the

marneuver censidered a pulsed thrust trajectory resulting in contact of

the two vehiclce, Thrust-teo-weight ratios in the ranre 2.05 to 2.1 arrear
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promising for this maneuver. Velocity requirements for rendezvous are

- on the order of 2800 fps, Some 2200 of this is required by the plane change.
Ion systems do not appear too feasible for short time rendezvous appli-
cations, The solid systems have a relatively low Ig and the multiple
start capability required for most rendezvous missions appear to limit

the application of solid propellant systems,

The analysis conducted indicates that in most propulsion phases the small
velocity requirements necessary would not dictate a muclear or high-thrust
liquid chemical system, A small pressure-fed propulsion system would

comply with the propulsion requirements. Reignition of the booster phase,

upper-stage engines appears to be unwarranted for the rendezvous application.

Planetary Transfer. The transfer trajectory maneuvers for relatively

high thrust vehicles were studied on the basis of patched conic sections.
These conic sections representing the geocentric, heliocentric, and
planetoceniric phases of operation are patched together to provide a

simple, accurate simulation of the actual trajectory.

The total velocity requirement for a planetary transfer is a combination
of several velocity increments: launch, plane change, mid-course correction,

capture, etc. The capture phase may be either direct landing or orbit
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establishment., If plane change occurs at launch only two major pro-
puision phases will be required, an earth escape phase, and a capture

or planetary phase,

The velocify requirements for these phases vary greatly with mission
and, for each mission, with launch date and transfer time. Practically,
it is advisable to design systems applicable to a range of launch dates.
Two s tages are designed to have maximum propellant capacity sufficient
to meet't;elvélocity recuirgments for any date of the given range of

launch dates. For any date in this period, the tunks of each stage are

loaded to the capacity recguired for the given luaunch date,
’ . K . L]

Planetary transfers to Mars and Venus were cénsidegéd. Frﬁm the standpoint
of energv requirements minimum transfer times (high thrust-to-weight ratios)
appear to be in the vicinity of 180-270 days and 100-110 days for Mars and
Venus respectivelv, Analxsis of Earth phase propulsion for a lunar or
jnterplanetary mission indicates that ﬁhe optimum liguid propellant -
propulsion thrust-to-weight‘ratios are in the 3,3 to 0.8 range. The

stage velocipy increment required for this ﬁhaseAraﬂge'fram approximately
10,000 to 20,070 ft/sec based on initiation from a low altitude Earth

orbit, Heview of performaqce requirements for the earth escape prepulsion
indicate that a high-energy cryogenic liquid propellant system would be

recommended. To facilitate further analvsis of orbit initiated earth
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escape phase, a.nomograph indicating the effect of mission ou fne c.opulelen
system has beer. formulated, Low thrustvtﬁ-weight (electrical) syste s
.appear to have some advantages in the performance of interplanetsry m:s-icns,
Thrust-to-weight rating on the order . of 10?“ appear to be 8 minimum value.

A considerable reduction i the initial syster weight 43 possihle nsing

advanced electrical rropulsion systems.

Q

p

Lunar Transfer, The earth phase mareuver ol z lunar transrsi haz the

recuirement of ralsing the vehicle energy to the level neczessary to
enter a selected earth-moon const tratectory, This maneuver was con-

sidered t7 initiate in a low allitvde eartn *satellite cornit whign allows
. . , I .

a greater btitude in lavnch times, 2ithough sligrtly less ~7f4 ient then
a direct earth launch, The tralectory inr thiec maneuver (= 3zad on a
“tangential thruet {(tnrust aligred with veloeity) £33,nt pats unti) the

. o 3 : :
desired enersv level for the gaocantric carth-te-moor crcasv trajectery is
attaired. Selection of thils torust attitude method $- based on minimen

velocity requirerent consideratior,
’ .

The earth-moor transfar trajectcry is ir ths form of geocentric conie
sections, the type ~f which devends on trir time, The various trip Limes

require Zifferent ererpv levels., The enor ievel of the trarsferp
1 28 4
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trajectory varies inversely with trip time. From energy level consider-
ations and Lunar retro-thrust requirements, trip times between 2 to 3.5
days appear att;active. The deviations in Eérth escape phase velocity
‘$ncrements fesulting from wide variations in launch time and Earth/moon
coast trip time are extremely‘smail. Thus, a single system design for

this Farth escape phase would have wide applicability.

Desirable thrust-to-weight ratios for this maneuver are in the 0.1 to 0.8
range. Velocity requirements for the transfer are on the order of

16 - 11,000 fps.

Twenty-Four Hour Orbit Establistment. Study of the establistment of a

2h'h6ur stationary orbit was conducted considering the system initially
in a low altjtude orbit who;; plane is inclined 28.8 degrees to the equa-
torial plane (AMR launch). The vehicle coasts in this low altitude orbit
ﬁntil the desired spatial positions of the véhicle and deatinﬁtion point
are cbrrectly oriented, At this time the vehicle enters an elliptical
tranafer to the,étationary-orbit height, At the apogee of this ellipse

a maneuver occurs to simultaneously establish circular velocity and effect

a plane change from the orbit piane to the equatorial plane.

Thus the maneuver cdnsists of two propulsive phases separated by a coast
phase. The first phase initiates the elliptical transfer while the
second provides the circularization ard a plhne change, For these maneuvers

thrust-to-weight ratios in the 0.1 to 2.5 range appear to be of interest.

1-28 R-3208
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Planetary and Lunar Vicinity Maneuvers

Thgge méneuvers originate in the vicinity of a body other than the

earth, They 1nc1ud2 maneuvers initiated in an earth-moon/planet coast,
trajectory for the purpose of landing -or orbiting and maneuvers initiated
in the vicinit& of the body for the pﬁrpose of establishing a planet/moon -
earth return trajectory. | |

-
L
-

Direct Lunar Landing and Take-off, The direct lunar landing maneuver

trings the vehicle to fest on the lunar surface directly from the earth-
moon -coast trajectory without making use of a coast period in a lunar
orhit, Based upon energy requirements ﬁhe method of accamplishing this
maneuver consisted of two phases: .(1) a thrust parallel io &elocity
(gravity turn) phase initiated in the earth~-moon trajectory and (2) a
relagively short vertical maneuver ending at the lunar surface, In
studying this maneuver the trajectory was simulated by initisting thrust

at the desired erd point of the retro-thrust period (at the lunar surface)
and flyving backwards until the vehicle possesses the desired initial
velocity of the earth-moon cosst trajectory. From an energy consideration,
desirable thrust-to-earth weight ratios for the main tetro-thrust are in
the 0.20 to 1.0 range {thrust-to-moon weight_bf 1.2 to 6.3). The velocity '

[ ]
requirements for the direct larding are on the order of £800 fps depending
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on the earth/monn transfer time., To achieve aAdesﬁred moon-earth coast
traiectory directly frem tte lunar surface a singi# rropulsion period is
requirsd. This manenver it very similar to he landing maneuver, however,
srRrgy requirements are slightlv greater and the range of desirable
“thrust-to-weight ratios 18 wmore restrictive:r 0,30 tc 1.0, The veleccity

recuirements are similar to those fer landing.

Tuner Opkit ¥stubiistment and Departure. As a vehicle approaches the

© maam e e o

PR
L7

i

yim

vicin cf the moon on its earth-moon trajectory it possesses a certaln
velocity which 1s derendent upon the earth-moon transfér time as discussed
previously. To establish an orbit the vehicle must be decelerated to a

given lunar circuliar orbit velocity., The maneuver used to accomplish

this alipgns vehicle thrust with vehicle velocity.

The erergy requirements for lunar orbit establishment depend to a great
extent uron the earth-mron trip time and the crbit height desired., For
establishing a low altitude (SO n. mile) orbit thgyst-to-earth-weight
ratios in the 0.10 to 0.50 appear desirable based on consideration Bf
-tte energy requirements, The velocity required for this maneuver based
on a 2.6 day trip time are about 3240 fps. Departure from a lunar orbit
‘to a moon-earth coast trajectory is essentiélly the reverse of the orbit

estatlishment maneuver and was analyzed based or a thrust aligned with

1~30 R-3208
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velocity trajectory. The energy requiramentsz depend upon the initial
orbit height and the trip time desired, Thrust~to-weight ratios are

similar to those in the orbit establistiment maneuver,

Landing from and Taking off to Lunar Orbit. The requirement for an

intermediate lunar parking orbit on either landing or take-off was
studied similar to the above maneuvers by.flying backwards from the
lunar surface to the desired orbit. For this maneuver a trajectory
utilizing an intermediate coast.phaSe with a circularization phase at

the desired orbit height was crnsidered.

Results’for this maheuver are gimilar to those of the direct landing 6r
takeoff with the exceptions that the velocity requirements ar; lower.and -
an engine resiart is required, Desirable thrust-to-earth weight ratios
are in the O.li to 1.0 range and a constant velocity descent phase would
require throttling., The velocity requirement fram a .50 n. mile orbit

\
are about 5730 fps,

For the landing mission, a hovering or constant velocity descent phase
several hurdred féet above the lunar surface apbears desirable for the -
initial lunar landing missions where detailed landing site surveillance

has not been preconducted. Hovering will require approximately a thrust-

to-(Earth) welght of 0,17 to provide the local lunar thrust-to-weight of 1,
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For theé moon mission, the total velocity increment for landing‘from-an
orbit 8970 ft/sec or direct 8850 ft/sec tends to indicate that single

' stage system'could be employed. Thus, based on a stage which provides
10,070 ft/sec-and has hydrogen/oxygen propellants with an initial thrust-
to-(Earth) weight of O.L, the burnout thrust ratio would be 0.835 (Earth),
or 5.07 (lunar). Thus, to achieve a 1una£ thrust-to-weight of 1 for the

hovering/landing phase, 5 to 1 propu}sion throttling would be required.

Orbit Establishment Propulsion, Propulsion requirements for establisiment
of orbits about the Moon, Venus, and Mars have been investigated in con-
junction with the Earth orbit propulsion phase., Nomographs for Venus

and Mars orbit mission velocity requirements have been fonmulated..

Planetary orbit establ}shment ard departure maneuvers are very similar
to the corresponding lunar méneuvars. As a vehicle approaches a planet
on its earth-planet trajectory, its velocity must be reduced to a.given
planet orbliting velocity. To accompljsh‘this maneuver, the thrust is
alipgned opposing the vélocity. The energy requiremehts depend upon the
earth-planet trip time and the desired orbit height, Thrust-to-earth

weight ratio effects are similar to those for the }unar maneuvers,

Rased on the prélimﬁnary studies, thrust-to-(Earth) ieight ratios for
leaving or establishing an orbit about the Earth, moons or planets can
be arbitrarily srlected within the limjts indicated in the following

table,
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Eérth 0.3 to 1.5
4 Moon 0.06 to 0.5
Venus 0.2 to-1l.2
Mars 0.1 tovl.O
wWithin these limits propulsion maneuver vélocity increments do not
change greatly. There are, howevef, optimum values éiving'maximum

payload. . N

Planetary Landing (Hovering) Reguirements. Review of the require-

ments for landing or take-off maneuvers fram Earth, moon, or
planets, indicate more stringent 1imitati§ns. For these latter
* maneuvers, the thrust-to-(Earth)weight ratios must be high
enough to give a local acceleration greater than the.local gravity
of the body considered., For a hovering phase in the landing mission
this thrust-to-weight ratio must be achieved at the end of the
landing propulsion phase.
Earth_ 1.0
Moon 0.17
a Venus 0.77
Mars 0.39

The approximate total velocity increments for landing from orbit

(including the estimated losses) are 13,000 fps for Mars, and 25,000
fps for Venus. For both the Venus and Mars landing missions throttling
would be required for the hovering maneuver.
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Miscellaneous Maneuvers

These maneuvers are not necessarily tied to the vicinity of any planetary

body and may be required at any number ofppositions in space.

Attitude Control. Attitude control requirements for a space vehicle can

be defined in terms of the attitude angle and rate measured from an
inertial reference system, and in the length of time used to achie;; the
required changes in these parameters. In general where the length of
time is long and the required changes small, attitgde control systems
such as inertia wheels and electrical propulsion become attractive. For
shorter times and more strenuous requirements, the jet-reaction devices

sre advantageous, For certain of the jet-reaction applications throttiing

arprars attractive.

Methods were developed for the purpose of calculating torque, momentum,

and propellant weirht requirements for various angular attitude motions

in a plane using Jjet-reaction devices, ~These parameters are expressed

in ratio form to the moment of inertia of the space vehicle whose

attitude is being crntrolled, The reauired argular maneivers sre expressed
as a required change in attitude angle and rate during a given period cof
time. The control secuerce is determined bv aésnmﬁng Jet-reaction devices
that may or may not be pimballed to produce the rrguired cranges in

vehicle attitude,
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Mid-Course Corrections. The mid-course correction maneuver is used to

correct the coast trajectory for any errors introduced at burn-out of
the initial propulsion phase of a space mission due to thrust‘variation,
gg?dance error, tracking inaccuracy, etc. Information in thg literature
indicétes that a single maneuver is sufficient to provide terminal
position correction while use of .two méneuvérs provides both terminal
position and velocity corrections for Lunar and planetary missions.

From these considerations a single mid-course correction was assumed

with the second (velocity correction) maneuver being combined with the

gross maneuvers in the vicinity of the target body.
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PRELIMINARY LIQUID PROFFLLANT SPACF. VFHICLE DESCRIPTION

For the acrray.of booster systems and space missions considered,
the space‘ vehicles have besn anslyzed based on the propulsion
systems described below (Table 1-5). A& description of the assumed

space missions is shown in Table 1-£&.

Table 1-5

SPACE STAGE PROPULSION SYSTFM DESCRIPTION  °

Propellants . Feed System  3pecific Impulse Fropellant Fraction

gs8cC
L0, /LR, Pump 428 0.R
Pressurg 401 0.90,
MON/MMH Pressurs 320 o 0.915
Nuclear | Punp 820 | . ——

These spac; vehicle systems (Tables 1-7 to 1-16) should be considered
as nominal, as only the major propulsion for these space stages was
considered. The breakdown of the space vehicle stages indicated
thrust level requirements for the various space maneuver missions.
These preliminary recommanded propulsion systems sre based on the
trajectory maneuver analysis conducted and the representative space

vehicles which are reviewed.
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__BOOSTER VEHICLE _

Saturn C-1

[Safurn €2 0 30

[Saturn: - Nuclear ]

Novas
Nova:
Nova:

Novat

R-2
B-2
R4,

H-4

Novas

Novat:

CBeG

N4

BASIC PROPULSION UNITSs

HWEmOOW»>
U I I B I |

5K
10 X } High Energy
75 K

150 1

bs
10K Storable
7.5%

SPACE PROPU
MISSION: Soft, Direct

PROPULSION SYSTE}M:

SPACE
STAGE ONE
GROSS THRUST
WEIGHT
(LB) (LB)
l CO8B00 i 4,25C| 34

[ 50,630 - " 25,300] 3B

73,000 36,400 4B
118,000 59,000 6B

146,000 . 73,000 1C
236,000 112,000 20

- ——— - —




1-7
ON SYBTEZM DESCRIPTION

Lunar Landing .(No Returm,

. LOo/LH, Pump-Fed

SPACE
STAGE TWO PAYIOAD LB
GROSS THRUST
WEIGHT
(1B)  _(LB)

(73,600  2,500] 24 1,750
10,500 7,300 54 5,000
(23,400 15,000 1B
| 31,700 22,006 2B {15,200 )
31,000 22,000 2B 15,000
50,000 35,000 4B 24,,000
62,000 44,000 4B 30,000
1€0,00C  70,0C0  1C 48,000
(250,000 ~ 100,000 ] 1C (72,506)
261,000 180,00¢  2C _ 126,000

TAGE FUNCTION
1 Leave Earth orbit
2 Lunar Landing

I-40




FOSM OB 12.G '8

/’ 4
77
- SPACE PRCFI
MISSICN: Lunar Satellite an:
FROPULSICI ¢
SPACE
BOCSTER VEHICLE STAGE ONE
GROSS THRUST :
WEIGHT . ;
(LB) gLBz ‘
|[Atlas _ Centsur ] [ 8,500 - 425G 1 34 §
Saturn C-1 24,300 12,100 1B 3
lSaturn -2~ 7} | 50,630 35.960] 38
i
Saturn: Nuclear -— —— !
Nova: R-2 73,000 36,400 4B :
(Fova: -2 | [138,000 "7 59000 6B &,
Nova: Rel 146,000 73,000 3C é
Nova: H-4 236,000 118,000 =2¢C :
- —— = )
[Fova: 55 (354,000 " 177,7¢) 2C
Nova: N-f L — ——-
\
108 ONITSs st
1
} » High Energy '
2
} Storable




' LSION

YSTEM:

SHLE 18

----- Lol X4 T
S1ol&d WEaNMLA Y A A Wva

Return to Zarth Surface (Aerodynsamically)

L0o/LHy Pump-fed
SPACE
| STAGE TWO : PAYIOAD LB
-CROSS THRUST

WEI GHT

(LB) ' (LB)

{_21,370]

[T2,7¢6 v;,soo} no |
7,500 3,500 24 3,900
(16000 &,000) s (8,100]
31,790 16,000 2B 12,400
23,000 11,500 1B 11,700
[ 37,000 ____18,50C) =8 | [ 18,550
46,000 23,000 i : 23,400
75,000 37,500 4B 38,100
(1,00 s60o0¢) & (8,2
261,000 130,000 2 0], K

. FUNGTICN .
- Leave rarth orbit

Estauilish lunar orbit

Leave Lunar orbtlt
Augment erodynanic landing

bed
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N
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20,000,
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@ Retura to Furth Turface {Aeroiynamically)

'n

tornble, Pressure~Fed as Iraicate&

SPACE
STACT THREE
. CGRC38 THRAUST

WEIGKHT «
(LB) (LE)

PAYLOAD*~ LB

10,/LH, STORABLE

ILOOUM,,EOQI 2D (e . &0
2,900 600 4D 1,35C 1,150
6,000 1,200] " IE (5,600 2,400 ]
I _,_?;005 T IEe) =® (2,169 3,510
8,700 1,750 P 4,100 3,500
{T14,100- _ 2,800.] 3E 6,700 5,600 ]
17,500 3,500 LE 8,300 7,000
28,200 5,700 6E 13,300 11,300
{12,300 8,500] 1IF (19,900 1,900 ]
73,700 14,500 2F 35,00C 29,200
FUNCTION STAGE FURCTION
Leave Earth orbit 3 Leave Lunar orbit
Augment Aerodynamic landing
Establish Lunar orbit :
Land on Moon
Lunar launch to orbit
tig  peetmAl LS ETT fy .:F"‘I"‘ X
fo pesower CToGD fEOSEDTID UATES 1-42 R-3208
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FROFULSICN SYSTEM: Stages 1 & 2 - LO5/1l,, Pump~Fed

il T VO )

L B BT T

»

(«oN/t2H) in the third stsge,

£251C_FAOFULSION UNITS:
: -
A - 105 1
3 - 10K} Bigh Pnergy
C « 75K J
Yr
2 - t'E,,lbsl Storable
7 L‘K J

SEACE
BOGOSTTR VEHICLE . . STAGE ONE
: GR0D33 THRUST GROSS
WEIGHT WEIGHT
Ay (1) {LB)
Atlas Centsur 8,500 Ly25C 34 3,600
Sstivn G-l 25,300 12,3C0 1R 10,500
avrn G L5636 2E,350] 3m i
Sewun: huslear] -— BEENE
bomar Re2 . 73,000 36,400 4B 31,000 .
{hovay . 102 {118,000 ~  59,000] 4B (56,00
—
¥ova: PR~} 145,000 73,000 1 62,000
Nova: Il 236,000 1e,00¢ L 100, 000
[Rova: g | (3e4,000 177,700] 20 (150,090 2
Nova: N»[, pu— an o com 0= 2 61, 000

The two payloads reflect the effects of using T.Lz/LP or a storable propellant com’




gz

TABLE 1-1D

PULSION SYSTEM DESCRIPTION

ar Laniing and Return to Eartn Orbit
. 4

; Stage 3 - LOz/Hz or Storable; Pressurc-Fed as Indicated

| SPACE SPACE

STAGE_TWO . - STAGE THREE . PAYLOAD* LB .
THRUST - GROSS - THRUST :
WEIGHT LO?/LHZ . STOR:’LBI..E
(LB) - _(1B) (1LB) : : . -
1,400 1A 1,000 200 2 250 . 200
4,000 34 2,900 600 LD 800 600
8,500 | 6A [ 6,00 1,200 1 12 [1,650° - 1,350}
12,500 1B [3.06 1,80 = | 2,450 7 1,85 ] |
12,500 1B 8,700 1,750  2E 2,350 1,800
20,000 ] 2B [24,100 - 2,B00") 3 (3,850 2,900 ]
24,500 3B 17,500 3,500 43 4,750 3,600 :
o [
40,000 4B 28,200 5,700 £F 7,650 5,850
60,000 ] 6B &42,3%81500] = 13,500 . 8,750
100,000 2C T4y000 14,500 27 20,00 15,200
!
. ;
. STAGE FUACTION :
<nation ' 1 Departure from ecarth orbit %
i
2 Establish Lunar orhit
Land on moon :
Lunar launch to orbit
3 Depart Lunar orbit
N Zstablish Earth orbit ?
1-L3 . R-3208 ;
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VEHICLE

[.Etla.s Cantatr ]

Saturn C-1

[Eetirn 627 )

[ Saturn Nuclear

Yiova R-2
nova He2
Nova R~4

Nova K6
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FRODULGTON SYSTaM: L0z
SPACE STAGZ (NE SPLOE
5. Gt THRUST(1R) Ghi33S Wil E
. i
, , r kR TR TRERY o
L_ 8,500 4yR50 124 13,258 yr
24,,300 12,100 1B
. 25,300 3B
v —— . N
. .~ ¥
73,00 3 00 4T 27,500 .
118,000 59,000 €R 45,200
146,000
IR
L235,000
354,000
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Wi M % 304

S TR AT P

VEHICL

Seturn C=1

E

" Atlaa Centaur

PO - e e e

Nove B2
Nove B-2

Nova Rel

, Learn €2

Suturn Nuciearxr

P e

Hova B~

- 1,58
- 1CK
- T5K
-150 1b
- 1,CF
- TSk

" SPACE STACT ONE

R
i
|

|

TABIE 1-12

SPACE PROPULSTON SYSTJ

|

MISSION: VENUS CRRIT AND Rm'{
'PROPULSION SYSTEM: ST4G3S 1 & :

.. STAG}‘S 3 & |

“

SPACE STAGE TWO

BASIC PROPULSICN UNITS:

GROSS WT,1ibi T RUST(ib) 'GRCSS WT,(1b) _ TERUST{1b)
8,500 4y250 34 3,258 1,600 1A
24,300 12,100 1B 9,320 4,700 34
[ 0,650 073 (19,400 . 9,700 1B
—_— — 34,600 17,000 28
73,000 36,400 43 27,900 - 5,000 2B
118,000 59,000 &B 45,200 23,000 B
146,000 - 73,000 1C 55,900 28,000 3B
! 235,000 118,000 2C | 90,500 T 45,000 ] 5B
354,000 177,000 ¢ 136,000 €8,000 1C
— — (270,86C 140,000 26
|
} High Fnergy <
; :
} Storable




|
}
4 DESCRIPTION

JRN TO EARTH ORBIT
2 - 105/LH, Pump-Fed
4 - MON/MMH Pump-Fed

CE STAGE THREE
T.(1b)  THRUS

v2

SPACE STAGE FOUR
GROSS WT,(1b) THRUSTk]g)

630 4D 321 160 1D

1,800 <E 918 450 3D
e (EE s
6,700 1F 3,415 1,800 2E

2,760 1,400 1E
4,450 2,200 2B
5,520 2,800 3E

13,380 6,600 1F

5E
1F
2F
TTUT38,000] 2F (B 900 4,500 5E
3F
6F

(26,706~ . 14,00) 2F

PAYIQAD(1h) }AY;bAD'(lb)

84.8 176
242 504
(508 ~+1,050]
901 1,870
728 1,510
1,177 2,440
1,456 3,020
235 4, B0
3,530 7,340
(7,050 - 7 1K,650]

¢ Payload for vehicles using a LO,/LR,
Pump-fed propulsion system

for all four stages,

FUNCTION :

Depart from earth orbit
Establish orhit about Venus
Depart Venus orbit

Establish Earth orbit

1-LS

R~3208
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e

BOOSTFR_VFHICLE

{Atlas Centaur B

Saturn C-1

e - e

(Saturp C-2 ]
{Batirn ¥uclear ]

Neva R~2

Nova B-2

Nowva R-4

Nova B-6

A —— .

(Feve Bef |

RS

BASIC VROPULSICY UNITS
A =1.%¢ 7
B - 1UF 2 Ty: e
n Ly ‘ HED eTEy
1 - § .4
D ~1%7 1ha 4
oMY
E «3.0K > Sterable
™ BN
r - [ 4,

SPACE STAGE ONE

TARLE 7.
SPACE PROPULGION
MISSION Mure

PRUFULSION SYSTZ:

SFLAC:

— e

GROSS WEIGHT THRUST GROSS WEIGHT

(ab)__ by (b))
| €500 4280 3A [ 2,010 rs
24,300 12,100 1B 7,900
50,650 #5,300)38  1&E0.

- — REEETIC
73,000 36,400 LB 23,600
118,000 59,000 €B 3£,500
146,000 73,000 1C 47,500
236,000 118,000] 2 76,900
354,000 177,00C 26 11E,00C

- - 193,300

.




YSTEM . DESCRIFPTION
f<nding {Nop-Asrodynamic)
Gy/LHy Pump-Fed

_ 5TAGE; TWOQ SPACE STAGE THREE PAYIOAT

'THRUST GROSS wILGJT THRLST {1b)

_{1v) {it) _{in)

et 550 1A 1,280 e W50

s Ay

'1,5%0 1A 2,640 2,180 1,330

| !
A O — _ e mem e e gy S

e 2a2T0) A [ 74500 o L EERY 3 ENGTY

D = 57 S I U s I e Eal A

[ OO .)J\._ )

“
I
P
|

>

4,700 34 10, G4C £, 550 s 4,000

7,700 55 17,700 18 £ LG
G,5C0 1E 21,9CC 1% 2,000
CUUESAOE 2 (35,400 [
22,000 33 53, C00 31,100
B Y« O . N T 5 (22,697
. RE

weave tha earth ornit
wehaciish Mers oyt

Payy.et Ty ey 4
PRGSO oLt

A e T s L

rr S AN

LAt m TR e e

R T S T

BT T R
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g
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e

s
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o
- ATRNY
r'.
LORIRY . Y

-
A0S D PICLE

o7
MY
A ‘ o e “‘
% - el 5
s
ke -
5ooe i
. -~ -
L IR0 .
. . D
1A ¢
LA R S
= - .
: [ A

F/

fw,_ﬁ i

73,000

318,000

RO

el Waid e TN O
SFALY FRUPILo L
Ny AT S A
WMISSTOUN: MRS o [
Iy DT YRR AR
VLISTON J¥aiiMe sSTAGES
fodnd N et
STAG & 2
SPACE JITAGE TWO
- Cf oy =y m
CGRCSS WwaioHT LIodL
P
{1B) e

3 L:' ) a;yf{'

£G 00

146,000 72,200
236,000 118,900

354,000




“M O TYSCRIPTION

A
S TC O SARTH ORBIT
¥ 2 - LO,/LR, PUMP~FED
¢ 4 = MON/MVH PUMP-PED
SPACE STAGE Tr!REE "SPACE STAGR .OUR
| CTV;SS w2 GET —_ TERUST GROSS WEIGHT  __ iYRU
| (LB) (LB) (IR) )
| .
| 1,280 256 20 440 . z20 2
| 3,640 . 730 1E 1,270 640 4D
i S e
I‘ 17,800 1,520 2= [ 2,640 - 1,2207 1B
A 10,730 2,140 2B 3,730 1,870 2E
[
i 10,940 2,180 ZE 3,800 1,950 2E
i 17,700 3,540 LE 6,150 3,000 3E
;E‘; 21,900 ' 45350 LE 7’600 3,800 A4E
3 [35,400 7,160 ] 1 (12,300 " &,150) 6
§3 53,000 1,600 2F 18,400 9,20¢ lFA
F | 89,000 17,800 ' 2F  [31,000 15,500 oF
e
é
|
1
: * Payload for vehicles using a LO. ,LH2 Pump-Fed
s propulsion system for all four stagea.
3 LGk FUNCTION
N Leave the earth crnit
4; Establish Mars orbit
3 Depart Mars orbit ) .
g Batablish zarth ornit
1-

PAYLOAD PAYIOAL
_fZLgi_ nYEgAD'
110 190
210 540
|45 1,120]
510 1,580
930 1,610
1,500 2,600
1,860 3,220
3,000 52200 |
4y 500 7,800
(7,550 . 13,400
ut

-
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JABLE 1-15

SPACE PRCPULSICN SYSTIN DESCRIFPTICE
MISSION: 2L HOUK CIRCULAR OREIY

RROPULSICN SYSTEM:  L0,/1R,

STACE STAGE

YTUICLE GECSS WPGHTILR)  =1aisT(1B)
(AtlasCantaarr 8,500 4,250] sa
{Setw C1 2,300 ' 12,150 18
[Saturn C-2 - 50,600 25.3%0) 38

Saturn Nuelear —— ~

Kova R-2 73,000 36,500 4B

Wova B-2 106 7000 SL,000 63

Kova R-4 1L¢, 000 73,000 1¢

Eova H.}; 236,000 - 118,000 2¢

Nova B 35}, 000 177,00 2¢
Xova N — -

PiST FECILIION TITSs
i« L5k 3

b - 10F Ji Bigh Tnergy
€ « 15X

D« 15) lbs

E . 1.0% } Storabie

r - 5% .

PAYLCAD(LB
{2,600
(7,503
bs.c8
2h,300
22,500
33,300
15,000
12,700

109,000
198,800

[N

LOR
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Examination of the thrust levels resulting (for the space stages)
sugpgests three possible approaches in designing space propulsion

svstems fer these missions,

The most cbvious approach and yet the costliest in time and money
wovld be a propulsion system for each of the indicated thrust levels,
?hisApresuppoées that, all 10 vehicles would be used for all missions,
A multitude of different engines wéuld be necessary to supply the
rrcpuléaon for all«of the vehicle stagpes. A payload review indicates
some of the vehicles would serve no important use for many of the
missions selected., Those vehicles that arpear to bte most likely
for the mizsion were noted (shaded areas). Thus, logically only

propulsion systems for these particular vehicles would be required.

The <econd approach is derived from consideraticn of the propulsion
requirements. The space vehicle selection for the missions indicates

two possible propulsion needs for space missions., Because of the

storage problem in the deep-space missions, both high-energy propellant

and storable propellant systems may be employed. From the thrust
requirements in the charts, thrust levels can be selected such that

a limited number of high-energy propellart propulsion systems and

1-50
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~ne
i

storable propellant propulsion systems can satisfy the demandc
any of the 10 vehicles listed. Three high-energy propellant systems
can be selected, one each in the following ranges of thrust: |

1, 1500 to 5000 1lb A

2. 10,000 to 25,000 1b

3. 75,000 to 100,000 1b

For storables, the thrusts cAn be arrangcd into ranres of: .
1. 150 to 500 1b
2. 1000 to 5000 1b

3. 7500 to 20,000.1b

If the higher thrust of these ranges is chosen for bagic propulsicn
system units, each system is applicable tc several vehicles in one

or more stages. .

In applying one of these basic propulsion units to a vehicle, the
thrust-to-weight ratic must be maintained within the limits indicated
previously. Nonoptimum thrust-to-weight ratios are obtained, and the
payload loss must be considered. For instance, a 25,009 1b basie
propulsion urnit may he applied as & stage for one vehicle and its
initial thrust-to-weight would be as low as 0.2 for e particula:-
propulsion phese. In appi&c&tion to ancther vehicle, the thrust-to-

weight may be as large as 1.2 (Table 1-17 ', This possible performance

1-51 R=-%208
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lose must be ernxiyzed to ascertain the exact penaity for such an

approach to prepidsion requirements for space missivne.  Thus,

=ore than the indicuted number of basi: unite may b~ required to
L]

. rininice perdorcance loss. However, from the oreliminary analysis,

it eppears fessitle Lo uce only tne hasir units.

"he third approsch of iesigning spece engine systems {Table 1-10)
wenld be clustering of 'L‘jasic units to accomplish thrust levels

roaar Lo -opti:r,';mz Wrust-to-weight ratios for the propulsive maneuver.
for the high-energy propelisnt systems, selscting the lower limit
thrust in sach of the three renges would give basic units of 1500,

12,000, and 75,000 1b thrust. For storable propellants, thrust

levels of 150, 1000, and 7500 1lb can be selected.

1-52 R-3208




TABLE 1-17

APPLICATION OF SINGLE UNIT FNGINES

Range of Stage Range of
Gross Weights, Unit Engine Thrust-to-farth
1b Thrust, 1000 1b Weight Ratio
3,600 5 ' {
15,000 0.333
15,000 1.67
25
100,000 0.25
100,000 |
100
354,000 0.28
TABLE 1-18
THRUST ACHIEVABLE WITH CLUSTFRED UNIT ENG INES
Unit Engine Units in Cluster .
Thrust, 1000 1b 1 2 3 JA 5 é
1.5 1.5 3 45 | 6.0 | 7.5 9.0
10 10 20 30 40 50 60
75 75 150 225 300 375 -
1-53 R-3208
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Form 5834 8"

These basic units chambers, feed systems, and tanks can be used
éingly or clustered to give a wide choice of thrust levels. 1In

clustering, the system inert weight may be larger than for a single

unit of the same thrust level; however, this weight penalty may

be less important than‘tho.aimplicity, reliability, and development

cost associated with designing propulsion s&stems for each of the

thrust levels needed for the many missions anelyzed. It may also be

less than the loss in psyloed performance when using a thrust-to-weight

ratio too far from optimum.

The number and type of basic units applicable to each vehicle and
mission is indicated on the charts in the section entitled General
Vehicle/kissiou-Description. Although only particular vehicles and
missions will be recommended‘for fuqﬁher study, it is clear thét
selection of these_basic propulsion systems for design ensures pro=-

pulsion systems applicable to any of the vehicles and missions.

Secondary constraints imposed upon the cdesign of propulsion systems,
especially fqr some of the propulsion maneuvers such as landing, may
require engine throttlesbility. Other things such as propellant
storage, propellant volume, and redundancy of enginés enter into
system selection and may obviate some of the approaches described

above. Therefore, when subjected to the further constraints, one

1-54 R-32038
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~of the spproaches may appear as the only solution to the problems.
Preliminary analysis, however, indicates that any of the three
approaches can be tsken to provide the propulsion neéessary to
accomplish any of the missiens presented herein with the selected

vehicles.

VEHICLE/MISSION COMBINATIONS RFCOMMENDED FOR FURTHER STUDY

-

In fho Phase 1 studies the numcfous; broad aspects of space miésion
propulsion requirements have been considered. For space missions of
interest propulsive maneuvers and propulsion systems were combined
to describe space vehicles (initiated in a 300 n mi orbit) to
accomplish these missions based upon current and future $oostor
“vehicles, It was cencluded that in these vehicles

the Earth (vicinity) initiated stages would use high-energy, cryogonic
propellants. For space stages initiated after extremely leng coast periods
storable propellants may be advantageous; a detailed design comparison

of the -two types of propellants should be made considering insulation

requirements and based on a detailed stage layout.

Various methods of selecting engines for use in the different
vehicles were cggsidarod and either (1) clustering basic engine units

L

to achieve new optimum thrust-to-weight ratios or (2) using single

1-55 R-3208
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basic engine units to operate at possible nonoptimum thrust levels

appeared to have advantages depending upon their application.

From the array of missions/véhiclos considered certain combinations
were singled out as worthy of more detailed s.tudy. These mission/
vehicle selections are masde to reduce the propulsion systgms to be
studied in detail; in this case a system which typifies .the combina-
tions would be considered. Selections can also be made of individual
combinations which are of particular interest. .Follauing these o
lines of thought 10 vehicle/mission combinations were suggested for
more detailed study, (Table 1-19). These combinations cover the
gamut of size and maneuver requirements. Placing primary emphasis
upon five (checked systems) of these combindtions and considering
the remainder in a somewhat secondary manner will serve to facilitate

the detailed study.

Propulsion systems can bs optimlzed and designed for these particular
vehicles. By determining and remaining aware of the possibilitles
and penalties of off-design operation, these propulsion systems can

be efficiently utilized for vehicles other than those considersd.
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DETAIIED PROPULSION SYSTEM INVESTICATION

The Phase 2 investigatibn was concducted to analyze and describe the
reauirements of the three space missioné Table 1-2C that were recommended
for further study in Phase 1, Necebs;sary' to the a.nal‘ysis of all three
missions is the stﬁdy of certain propulsion system feaitﬁres. The se
features and their effects on the propulsion s&stem can be studied to

a great extent independent of a particular space mission,

Space Environment

The various constituents of the space environment were found to have

significant effects on the space propulsion system, The conditions of

hard vacuum, particulate radiation, zero gravity, meteoroids, and heat

. transfer are all such that the operation of a propulsion system in

space would he seriously compromised unless the proper design procedures

are followed,

Hard vacuum and particulate radiation present largely a material
selection problem, By designing the propulsion system with materials
which do not sublimate in vacuum or deteriorate under particulate .
radiation these problems can be circumvented., Tables 3-5 and 3-7 provide

a guide to material selection for space applications,
L)
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TARIE 1-20

0 =

SEIECTED MISSION/VEHICIE COMBINATIONS

Nominal
Space Booster Earth Escape
Mission Vehicle Payload, 1b
Soft, Lunar Landing Nova Heb 150,000 (Vary from Nova
and Return to Earth's H~8 to Saturn C-2)
Surface (Aero)
Mars Orbit (No Return) Nova H-6 150,000 (Vary from Nova

H-8 to Saturm C=2)

Orbital Rendezvous Nova H-23% - e -

#Substituted for C~2
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ners gravity and metecvelds pz'v.zse'nt desigin problems niat ArYe reCelving
sorsiderable attert.on., Difficuity of separabion of jas and ].iquic'i in
prope’llant tanks 1o one of the Ir':;a:‘:’: s.'igm..ﬁ‘i:':emt pr«:b_?exms vrought about
hy zero gravity conditions, Numerous methods of accomplishing this
,v ~ave bheen sugpasted, ' Many of thess are :racible and can be incorporated
in nropdlsion sysuem design., Proteciion of ypropulsion systems fiom
oensture ty*metcorcids appears Lo be providod nost efficicrtly by

L e moerheorolid Yumpers,® These thin stoields suwrrounding the

comnona b bo be uretected saem to be very effective in reducing the

- v 3 LRI . a2 . - > ..
peretration of the high ensrgy meleoroids: Additiona}] effort is

necescary Lo provide good design information,

Heat transfer in spacs presents problems in storing propellants for
. extended times, These wroblems arise not only from the thermal radia-
tion onitted by the sun and flanet, but from conductive heat transfer
which occurs between dissimilar propellants or between the propellants
ard cther internal heat sources, Studies :mdl.cate thz;ﬁ the "earth storable‘i
propellants (hyd‘razine, etc,) can be easily maintained through prover
surface and attitude contrcl, For tﬁe missions currently contemplated
the eryogenic propellants (hydrogen, etc,) can be maintained by surface

: and attitude contrsl in combination with the application of a good

insulation material such as linde SI-l.

1 .A()O R-3208
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Missions of long duration may require so much insuiation for the cryogenic
(high energy) propellant combinations that a storable propellant system
will be able to provide more payload capability, This is illustrated

by Fig. 1-3 developed in this study. The figure presents the combination
of storage time and propellan‘t weight which causes the payload of the
cryogenic (L02/1H2) combinatioh to decrease to tha.t of the storable
propellant (MON/MMH) combination.« If the combination of storage time

and propellant weight results ina point above the curve the MON/MMH
combination will provide the greater payload, if below the curve the

L0p/1H, combination will provide the greater payload.

Studies similar to the'zt above iﬁdicé.ted that for the present space
vehicle, based on the NOVA H-6 booster, LOp/IHp could be used in all
stages for both lunar and Mars missions, The storabiliﬁy of these
propellants is strongly dependent upon the internal conduction, the
size of the wvehicle in question, and the method of storage (no loss vs
propellant boiloff). These require additional study before a complete
evaluation can be made, The internal conduction in particular is a

function of the detailed design of the wvehicle and is difficult to

analyze in a generai manner,

Form 606 B ) (Veilum) Rev. !.58
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Punp-fed systems.
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Heat conduction between propellant tenks = 10 BTU/hr.
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Effect of Space Storage Time on Propellant Selection

Figure 1-3,
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- ENGINE PARAMETFR OPTIMIZATION
Tt is generally desirable to utilize the proéulsion that provideg the
maximum payload capability for a given gross weight, This payload
capability is strongly a function of the engine operating parameters:
mixture ratio, thrustoﬁo-ueight ratio, chamber pressure, and expansion
ratio. By proper selection of these parameters maximum payload
capability can be provided. Through consideration‘of éfevioug
Rocketdyne sfuﬁies parameters weré selected for the preliminary

-

propulsion systems to be used in the various mission studies.

Methode are also developed fbr the rapid selection of these operating
parameters given certain hardware information, Using these methods
optimum chamber pressure, expansion ratjg, and thrust-to-weight ratio
can:be determined, The effect of various factors on ﬁhe optimum chamber
pressure is illustrated in Figure 1-4 for pump and presSﬁré-fed_systems.
Variation of + 50% &n certain factors (thrust-to-weight ratio,” ; pump
weight factor;T/; thrust chamber weight factor,#Jj bulk density,/% 3
tank weight factor,%’; pressure drop factof,%%?? affect the optimum

chamber pressure as shown.
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OPTIMUM CHAMBER PRESSURE

OPTIMUM CHAMBER. PRESSURE.

‘2%"' \ ’ b
OPTIMUM CHAMBER., PRESSURE
\ TRADE.- OF F~ PUMP-FED SVYSTEM
oo +
<
)
o
U good
R
. 600t
+ T e S - e
-50%. ' _ . NOMINAL ' +30%
FACTOR VARILAOTION
8o+t :
OPTIMULINM CHAMBER PRE SSURE
TRADE-ORPF ~ PRESSURE-FED SYSTEM
701
<
¢ e
75,
0_ x L o
40+
'L__’_,.__.,_ e e e = e e e = D S T ——— I &
- 507 NOMINAL +50 %

Figure 1=h, Factor Variation
s
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Results for an 1402,;"1}1'2 cngine are prosented I Fig, 146,

TRANSIENT ENGINE FERFORMANCE

During engine start-up and ~ut-off,thrust is a function of time, 7his
transient thrust build-up or decay contributes a certa.n amcunt of
impulse to the vehicle, Due to variations in engine components this
impulse centribution will vary from run to run in a Ziven enrine,
These variations are illusirated in Fig, 1-5.This variatif{n in omese
can significantly afliect the trajectory to be traveled by the innce

vehicle and muct be reduced to a nepligible effect throurh engine

system design and/or corrccted in a subsecuent provulsion phase,

For most propulsive maneuvers the variations in enmine stari can be

taken into account by the guidance sysiem Auring ormal enging operat]

REPREMY

and the necessary correction mn-de, Inrulse aeviations al cube-off were

estimated for ceveral pronulsion systems as 2 fanction of s ne Lhrust,
N Iy . 5y

e deviation
can be decreased by ¢ithar lovering thrust or reduci-p hLhe main valve

closing time. There are, naturally, limits on both of these methods.

Some estimates were nate of the effect of tils cul-off impulse on
the velocity of the spoce vehicie. These ¢ffects were considered in

the lurar landing vehicles and the wioaity variantion was less tha

:. 1 fps.
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Figure 1-5, Variations in Cutoff Impulse
1-66

R-3208



e 20N

468 .8 § ¥ &

RENE

|

_..?., PR,
%
+—
]

1ITA9] eSO

;“L +H

-

b=ty

~

oty ‘ysnayy

!
.{-_434__
|

NOT
N
AN

)
1 7
[5

!

-

|
P
| SR
g4
g?
N
v

{
~

“eon~ o n €

elomi Rev 1 54



e -

ENCINE THROTTLING

In several propuieive raneuvers the requirement £or engine throtiling

may arise, This throttling may be accomplished in a single step or be

continuous. The performance lcsses accomparnying throftiled operation

wire studied,

ance (specific impulse) wore cmall for space applications,

a case of S:i throttling resulted in lers than

.
e
L]
h

syusten the decrease in engine specific

inefficiencies 10 burbine speration.

SECCNDARY PROCULSION SYSTEM CONSIDERATICNS

In general 1t was found rhat Lhe losses in thrust chember -perform-

For example,

2% decrease in thrust
ecific immulse at the throttied cordition. In a pump-fed

impulse may be greater due to .

In addition to the bopics discussed avove there are some secondary

aapects whichh were considered,

&

Trapped prepellant, propellant utiliza-

tion system, thrust vector control requirements, and venhicle acceleration

system design.

loads all affcct the propulsion

A study was made of the trapped propellant in a LO3/IHp,
venicle, Trapped propeliany is

due to premature exhaustion of the other prepellant.

purp=-fed
that propellant thai is left unburmed

Taking inte

-

aceount off rivture ratio tanking and deviation from expected tlme-average

engine mixture railc operation, the trapped propellant

be 1,38% ¢f the usezble propellant paged on a fuel bias

168

sorm 808 B tleiium) kev, ' 4E

was estimated to

nrepellant tanking,
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For propulsion systems which supply fairly large velocily increments
this amount of trapped propell‘ant will significantly decrease the payload
capability. In these systems a mixture ratio control or propellant
utilization systen would. be beneficial,

Analjsis of thrusx;, vector corrective 'bofque requirements for space
vehicles indicates that generally .a gimbal angle of 1 to 2 ;1egrees. -
(together with an .au}dliary roll control system if a single engine is
used) should be employed. Although for some space powered-flight
maneuvers a sma;_ll separate attitude control system would be adequate
(thereby allowing a non-gimballed engine) consideration of engine thrust
vector and vehicle c.g. misalignments dictates main engine gimbaling.
For a specific wvehicle these requirements should be analyzed in nore

detail so that vehicle dynamics can be considcred.

Study of the acceleration lcads towhich a space vehicle would be subjected
indicates that the inherent low initial thrust-to-weight systems required
would result in low flight loads during space stage operations:
approximately L g's axial and 0.5 g's lateral, More severe requirements

are dictated by boost phase and ground handling considerations,

Nominal values for these effects are: ‘
Direction Load ’ Operation Phase
Axial 8 g's Boost
Lateral L g's Handling

169 ‘ R-3208




A NSO OF NORTH AMER!ICAN AVIATION gt

SPACE PROPULSION SYSTEM SPECIFICATION CATALOG

. A catalog of specificatiocns which will characterize the space propulsion
system was devedoped from information acciuimd during this study and
from previous Rocketdyne experience: This catalog is divided into two
sections, The first, Tablel-21,presents génerél propqlsion gystem
"information .while the secénd, Table1-12,1is concerned ;ith the system

-

components,
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TABIE 1-21

SPACE. PROPULSION SYSTEM SPECIFICATIONS

GENERAL PROPULS .ON SYSTEM DESCRIPTION -

.

I. Energy Requiremenfs a
A. Total Impuise Required {or Ideal Velocity Increment)
(1) Maxirmum; Mission
(2) Minimum; Mission
B. Maximum Impulse {(Velocity) Increment; Mission
C. Minimun Impulse (Velocity) Increment; Mission

D. Number of Increments

II. Thrust
A. Magnitude
(1) Steady-State Desirn Thrust Magnitude
' (a) Thrust-to-tarth Weight Ratio
(b) Absoclute Value
(2) Tolerance
(a) Engine-~to=Engine
(b) Run—to-iun .
(3) Throttling
(a) Step

(b) Continusus

1=71

Form 608-B-1 {Yeitum| Rev 1.58

R=-3208



TABLE 1-21

(Continued)

(h) Accuracy of Thrust Programming
(5) Number of Restarts
(6) Type of Thrust Control
B, Transients
(1) Start Sequence (ignition and response time)
(2) Start-up Impulse
(a) Nominal
(b) .Tolerance
(3) Cut—off Impulse
(a) Yiominal
(b) Tolerance
(L) Throttling Transition and Response Time .
(a) Step
(b) Continuous
C. Thrust Vector Control
(1) Vector Control Requirement
(2) Method of Control
(3) Engine Thrust Vector Misalignment
(a) angular -
(b) lateral

1-72 R-3208
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TABLE 1-21

(Continﬁed)
III, Propellants

A. Composition -
B, Mixture Ratio
(1) Nominal
(2) Tolerance
(3) Mixture Ratio Range
C. Specific Impulse
(1) Ref(;rence.engine parame ters
‘ (a) Mixture ratio
(b) Chamber pressure
(c) Expansion ratio
(2) Nominal specific impulse at reference conditions
_(3) Minimum at reference cor}dit:v.ons
(a) Run to Run
(b). }‘anglne to Engine
D, Compatibility with manned missions
.E. Contamination effects on alien environment

F. Temperature Lffects

~~

1) Densivy

(2) Vapor Pressure

~—

- (3) Heat of Vaporization

(L) Heat of Fusion

v
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Oontinued)
SV BEnvironmental Hestiactions
A, Zeoxo k"L'd\"'."v':)' SroTrTlant supply
o L‘._quid/'vapor separation rogquirement
{2)  rumber of zeve gravity engine starts
(3} Oeperalion method
- (L, Tk vENTADe
(. reqiroment
ric Lo
: Sprce Stovage of Propellants
(v Ervd ronment
{a) Therwal Radiation
b} Intemal Heabt Source
(¢) Tonizing Radiabion
(&) Meteoroids
{2} Storaze Time
(3) Propeliant Tesperature Limits °
(L) Storage Methods
{a) exposed surface characteristics
(b) external insulation

(¢) in%ernal desimn
’ ' (d) propellant boil-off

() meieorcid shield

{f) deleterious effects of envirchient on storape methods

{¢) altitude and pecmetry limits
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TABLE 1-21

(Continued)

V1. Off Design Operation

A. Exchange Factors for Perturbation from Nominal

(1) Engine Operating Parareters

(a)
o (o)
(c)
(@

" (2) Hardware Weight Equivalent of Specific Impulse

Mixture Ratio
Chamber Pressure
E xpansion Ratio

Thrust

d. Alternate Mission Performance

s $ 4 T
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TABIE 1-22

SYSTEM COMPONENT REQUIREMENTS

I. Airframe and Propellant Tanks
" A. Propellants .
i. Propellant Description
aes Propellants
be Nominal Mixture Ratio
ce Propellant Temperature Limits
2e¢ Useabls Propellant:
a. Maximum
be Minimum
3+ Reserve Propellant Weights
ae Flight Performance
be Residual
ce Trapped
de Fuel Bias
8. Boll-off Reserve
B. Tank loads
l. Handling
2. Launch
3¢ In Atmosphere Flight
L. Space Flight

)

Form 608-8-1 (Vellum} Rev. 1-58
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Ce

De

Ee

F.

Ge -

He

I.

TABLE 1-21
{Continued)
Tank Pressure and NPSH
le Nominal

2e Tolerance

‘Thermal Control

le Thermal Loads
ae Ground loads
be Aerodyramis
Ce Internal
_de Space Loads
2. Temperature Limits
&ero Grai;'ity Requirements
l. Gas/Liquid Separation Requirements
2« Tank Venting Requirement
Staging, Geometry, and Configuration Requirements
Secondary Auxiliary Systems
Propellant Uti]izétion System Requiraments

Tank. and Structure Weight Limits

IT« Pressurization System

A

Ee

Purposes of Pressurization
Gas Volume in Propellant Tank
1, TO'LS.J.

2+« TIncrerents

wiier kel 1ty



TABLE 1-21
(Continued)
Ce Gas Pressure in Propellant Tank
le Nominal
2« Tolerance
De | Propellant Properties
.l. Thermodynamic
2. Compatibility
E. Environment
v'l. Storage A
. Tine
be Gas Volume During Storage
2. Themal Enviromment | - N
3. Zeré Gravity
Fe Weight
III. Engine System
Ae Propellant Description
ls Propellants
2¢ Thermodynamic Properties
3« Mixture Ratio
"a. Nominal
be Tolerance
Bs Thrust
1. Nominal
2o Tolerance

3+ Transients

1-79 R-5208
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t3

Ee

Fe

TABLE 1-21
(Cont1nned)

Type of Feed System

2 Minimum
Engine Inlet Conditions
l, Storage
a. Time
be Gas Volume During Storagse
2e Therﬁal Environment
3¢ Zero Gravity

Weight

11T, Engine System

Ae

Be

Ce

Propellant Description
l. Propellants
2 Thermodynamic¢ Properties
3« Mixture Ratio
ae Nominal
b. Tolerance
Thrust
1. Nominal
2 Tolerance
3. Transients

Type of Feed System
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FEXI3 e X R B T W -

De

Ee

Fe

Ge

He

{“ontinved)
Specific lmpulse

i. Nominal

2. Minimum

Engine 'Iniet Conditions
Envelope Requiremsnts
Throttling Requlirememts

le Step

2. Continuous

Engine System Weight

kKnvironment

A
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TootTam, fwo bascoe wetuods ot accompiishing the {nesr mission evelved:

A irest tueas Tamding (r i PeR) and 20 orbfadd tanding osing o inter-
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Pirated w3 awe Barth erbit.  The Space vohi;h‘ depares from the
. .
. . :
vrhit with o prapulsica phase that has the thrast vector aligned with the
velocyty vecror.,  Ihes phase ferminates when the vehuele has attained the
energy reqred to malke the Earth Moen tronster in the desived time inter-
- val, Mid-course trajectery covrections are considered to be avplied in
{wo ov more increments Lo reduce the );mdihg error ((‘Fll’\}.
The direcl 2 lunar tanding methnd uses a maneuver Whl(:}!‘ places the vehicle
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were 1uclnded,
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The lunar lending from orbit was slsc studied a
be the most generallyv desirable type landing. A SO n. ai. orbit is
‘first established (the plane of which is determined by the velocity
vector at tne beginning of the transfer phase) using a thrust
anti-pérallel to velocity maneuver. This circular orbit is converted
ﬁo.a SO‘n. mi./30,000 £t elliptical crbit with periopsis slightly
vefore the desired landing spot. At the periopsis thrust is again
applied anti-parallel to velocity to bring the vehicle to a low

A .
altitude with a small residual descent velocity. ‘Hovering and

translational capabilities are previded for this mission,

The takeoff{ maneuver was determined by the type of landing. Vertical
takeof{ to moon/earth transfer trajectory was used in conjunction
with the vertical landing maneuver, . and a takeoff to a 50 n. mi. orbit

prior to the transfer was considered for the orpital lsnding case.

.
.

Midcourse corrections were provided for as in the earth/moon
transfer-trajectory. Earth re-entry and landing maneuvers were

sssumerd to be accomplished aerodynnmically.

“

The verticsl descent trajectory is most suited to systems having
simple guidance systems and fixed thrust engines. The probability
of safe return appears lower than that of the orbital trajectory

and the landing point is restricted. Capability of one restart

1-87 R-3208
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will be required. The orbital landing techniguc 2ssures that the
vehicle will not crash if the engines fail to ienite. The maneuver
makes use of (assumed) previocus lunar orbital experience and permits

landing at any point on the lunar surface.

For the two mareuver conbination methoads, propulsion systems were

studied to evaluate enygine thrust levels, vehicle staging, and
: , Leid

relative payload capability. These studicc woere hased upon a space
vehicle weighing 301,000 los, initislly placed in 5'300 n mi orbit
by a NOVA H-6 booster venicle. The effects of uzing four different
propulsion systems were studicd. Thesv_nyutbns, liquid oxysen/liquid

hydrogen (L0O5/LH») and mixed oxides of nitrocgenMmononethylhydrazine
2/LHp rog

'

(MON/MMH), represant a broad range of pronulsion systom characteristics

o

and shodld indicate the effects of nronellant properties on the

-

space vehicle. N

The propulsion systems were uged in o voriety o7 maneuver/vonicle

comhinations and were evaluatod in torms of corformance, comnlexity
i b i A ]

o

etc. For examole, the eortn/moon trans©er nmarcuver is considered

nsine the previously mentioned syotour olus o typieal oolid propelinnt
4

system. A comparison n! tinge vebiicles, ohuown T rirure 1-11,

T =e- 3 3 3 i <~ oo o o FENN by /1 o N ~

clearly indicotes the advantoges of the LO>/1H2y purn-fea systen,
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upon touchdown. For the orbital landing, it is desirable to stage
prior to the descent from orbit maneuver in order that the thrust
required for that maneuver does not unfavorably influence the .|
thrust level selection of previous manceuvers. Preliminary review
tends to indicate a redundant multi-engine propulsion system should

4
be used for increased landing reliability,

A broadband ( 5%), three axis, attitude control, propulsion system
which functions during the entire transfer can be included at a
weight of less than 100 1lb. The midcourse correction and orbital
convers;on maneuvers can be performed by the main propuylsion system
using the attitude control engines for propellant settling.

A description of the propulsion systems used in the lunar land and
return mission {intermediate orbit method) is presented in Tables 1-25
and 1-26. These descriptions were developed based on the propulsion

system specification catalog.
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TAELE 1-03

SPACE PROFULSION SYSTEM SPECIFICATIONS

Lunar Landing and Return Vehicls (Orbital): Stage 1

GENERAL PROPULSION SYSTEM DFSCRIPTION

Ie

Ile

Ae

Be

Ce

De
Thrust

As

Energy Requirements

Total Ideal Velocity Increment Required = l3,760 fps
Maximum Vélocity Increment'

B Iﬁcrement = lO,l‘}O.ﬁJs

2, Mission: Earth/Moon Transfer

Minimum Velocity Increment

l. Increment = 150 fps ' ' .

2. Mission: Mid-—cowrse Corrasction

Number of Increments = L

Magnitude
l. Steuady-state Design Thrust Magnitude
ae Initial Thrust-to-iarth weight Ratio = 0,35
by Absolute Value = 123,000 1b
Pe  Tolerarice
de  Friline~to Fugine: : =%
ba  Run-to-Run:
3e  Tihpotiling
as OHtep: None

De Continunus: None




TABLE 1-25
{Continued)
ke Number of Restarts: 3

II. Propellants
Ae Compositions Liguid Oxygen/Liquid Hydrogen
Be Mixture Ratlo

[ ol

«+ 1. Nominal: 5.0 (0/F)
2e Tohraﬁcex % 0,5 percent
Ce 8pecifie Impulse
1.' Reference Engine Paranetert;
ae Mixture Ratio: 5.0 (0O/F)
be Chamber Pressure: 500 psia
ce Expansion Ratio: 30
2. Nominal Engine Specific Impulse at Reference Conditions:
428 sec
IV. Environmental Restrictions
_A. Zero Gravity Propellant Supply
1. liguid/Vapor Separation Requirement: Provide liquid

&

propellant for engine start.
2. Number of Zero Gravity Engine Starts: k
he Tank -Venting: None
B. Space Storage of Propellants
le Environment: Earth/Moon Vieinity

2« Storage Tims: L-5 days

1-95 . R-3208
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TABLE 1-25

(Continued)

3+ Propellant Temperature Limlts
a, Liguid Oxygem
(1) lower: Propellant Freezing
(2) Upper: Propellant vapor pressure and density
must not exceed limits of propellant
tank and engine.
be Liquid Hydrogen
(1) lower: Propellant Freezing
(2) Upper: Propellant vapor pressure and density
must not exceed limits of propellant
tank and engine.
Ce Componsnt Design Restrictions: Protect from, or Design for,
Earth/Moon Vicinity Space Environment.
Fe System Purging Requiremsntss

le Number of Purges: 3

1 =0t K- 0x
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ie

1.

. .
[Continued)

B COMPONENT REQUIREMENTS
Arframs and Propellant Tanksz
As Fropeliante

ls Provellant Descripiion

a« Propellantss ldguwid Quypen/linuid Hydropen

be Nominal Mixtwre Latlor 5.0 {G/F)
2+ Useable Proneilent Weisht: 223,150 1h
3s Reserve Propellant wWeight

| B Iﬁ.i;:h'h Persformancea: 2,230 15
* ¢, Trapped: 3, 05U 1b
Ce Fuel Ldzay 3,2v% ik

3, Reil-of'fr MNone

Be Tanr lo.dsn

Vs e g Tt e 1 PR N
Yo 2ardiong? 4 g s taldld
Je  Aunosnniere rileht:r 3 g Adal

e Space Flight:s o e axid

Jerc Grovity Reguiraente

(<N
-

1 ~ v s
le Gas/iiv.id Sepdaration.

2o Tanr Vonrldrg: Nong
Prassurdeatdoy L3sien

Ao Prxpeses of Tressurnzsioons Provide solflelasn

ation and soaagy on ovroewddiny sLrue

twbepump o

a8 regalred.

PPt e TR
o RRREN

Provide Linudd crovsellsnt
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Ee

11i. Engine

. Ao

Be

Ce

D.

Ge

I.

Form 608 B 1 {Vellum) Rev.

TABLY. 1-29 ‘ -

(Continued)

%as Volume in Propellant Tank
l. Increments: L
. Environme:t
1. Storage
a. Time: Ul to § days
2. Tharmal: Earth/Mocn Vicinity
System
Propsellant Description
1, Propellants: Lf\:;uid Oxygen/ldquid Hydrogen
3. Mixture Ratio
as Nominale 5.0 (0/F).
be ‘Tolerances < 0.5 percent
Thrust |
1. Nominél: 125,000 1o
2. Toll.erance
ae Run-to-Runs I pafcent
be Engine-to-Engines : 3 pefcent
Type of Feed Systems Turbopump
Specifis Impulse
le Nominal: }28 aee
Throttling Requirement i
ls Step:t None
2¢ Continuoust Nons .
Enviromments Earth/Moon Vicinity Space

1-98
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TABLE 1-26
SPACE PROPULSION SYSTEM SPECIFICATI ONS-

Lunar Landing snd Return Vehiscle (Orbital): Stage 2

GENERAL PROPULSION SYSTEM DESCRIPTION
| I. Energy Requireﬁontl
Ae Total Ideal Velocity Incfemant Required = 15,770 fps
B. Maximum Velocity Increment’ ' ’
l, Increment = 6!;00 fps | = )
2« Mission: Landing from Orbit
Ce Minimum Velocity Increment
l. Increment = 60 fps
2. yiisaiom Elliptical orbit Establishmsnt
De Number of Incremeﬁts =6
II. Thrust
. Magnitude
1. Steady-state Design Thrust Magnitude
as Initial Thrust-to=-Earth Weight Raiio = 0.68
" be Absolute Value = 77,50C 1b |
2. Tolerance /
de Erglne~ts-~Bagine: b 3 percent

be Run-to-Runs

ps 1 percent
3, Throttling
" ae Stept 6%
be Continuous; 6 percent

1049 B30




TABTE 126
(Continced)
e Xumoar of Restaitss S
17{s Propeliants
Ae Compositior: Liquld nygen/l.idui.d hydrogen
Be Mixture Retlo
i. Homdnalr 5.0 (O/F)
2o Tolevance: £ 0.5 pez*;;e!r’?.
Ce GSpecific Impulsee
ls Reference Engine Paramaters
a. Mixture Ratio: 5.0 (O/F)
be Chamber Pressuret 500 psia
¢y Expansion Ratlo: 30
2, Nominal Specific Impulse at Reference Conditlons: L28 see
IV. Environmental Hestrictlons
Ae Zero Gravity Propellant Supply
le Liquid/Vapor Separation Requirement: Provide liquid
propellant for engine start '
2. Number of zero gravity engine starts: 5
Le Tank Ventings Nons
Be. Space Storage of Propellants
l. Environment: Earth/Moon Vicinity
2. Storage Times 2 Weeks
3. Propellant Temperatuyre Limits
a, Ligquid Oxygen
(1) lower: Propellant Freezing

1-100
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Ce.

Fe

TABIE 1-26
{Cﬂnt}' nued)

{2) Upper: Propellant vapor pressure and density
must not exceed limits of propellant
tank and engine.

be Liguid Hydrogen

(1) Lower: Propellant Freezing

(2) Uppert Propellant vapor pressure and density
must not exceed limits of propellant
tank and engine.

Component Design Restrictions: Protect fram, or Design for,
Earth/Moon Vicinity Space Enviromment.

Syaten Purging Requirementss

1, Number of Purges: 5

1-101 ‘ R-3208




TABLE 1-26

(Continuved)

SYSTEM COMPONENT REQUIREMENTS

Ae Propellants
1, Propellant Description
ae Propellants: Ligquid Oxygen/Liquid Hydrogen
be Nominal Mixture Ratio: 5.0 (0/F)
2. Useabls Propellant Weightt 76,150 1b
3¢ Reserve Propellant Weight -
2 Flight Performance: 762 1lb
ce. Trapped: 1,040 1b
de Fuel Biass 418 1b
o, Boil-off: None
Be T!nk Loads
l. Handling: 4 g Lateral
3. Atmosphere Flight: 3 g Axial
e Space Flight:s L g Axial
Ee. Zero Gravity Requirements -
l. Gas/Liquid Separation: Provide liquid propellants
for 5 engine starts.
2. Tank Venting:s Nons
" II. Pressurization System
Ae Purposes of Pressurizationt Provide sufficlent NPSH for
turbopump operation and assist in providing structurel support

as required,
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Ee

III. Engine

Ae

Be

Ce
D.

Ge

T.

ae Tima:

TABLE 1-26
(Continued)

2. Thermal: Earth/Moon Vicinity

System

Propellant Description

l. Propellants:

3. Mixture Ratio

ae Nominals

Liguid oxygen/liquid Hydrogem

5.0 (O/F)

be Tolerance: = 0.5 percemt

Thrust
le Nominal:
2+ Toleranece

77,500 1b

a. Run~to-Runt = 1 percent

be Engine-to-fngines 4 3 percent

Type of Feed System:

Specific Impulse
les Nominal:

Turbopump

;28 seo

Threttling Requirement

l. Step: 631
2« Continuous:

Environments

6 percent

Earth/Moon Vicinity Space
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MARS O73IT ESTABLISHMENT MISSION

The recommendaticns and conclusions of the Mars Orbit Mission ctudies
of Phase 2 can be divided into two categoriest 7Those conclusions
relative to the propulsion/vehicle system, sni ‘hose vertaining to

maneuvers. The sepsration does not imply indepandence of the

-~
5r
‘
fe)
~
[
€
7}
.

3 " . . .
A variety of propulsive maneuver combinslions were crnsidered for
this mission, These are indic-tad in Figure 1-!2. The mnaneuver

combinations selected after analysisz and raview, for gz o

eas in this fipgure.

0
-3

this mission are indicsted by the shaded
Analysis of Earth-Mars interplanstary trajectories, based on simulate
elliptical planetary orbits, indicste 5 minimur eneriy launch period

ocrurs shout onee every tws years, and results in narth-ars transfor

v

times of approximately 170-747 days Jevendent Lnon the venr of lannch.

-

suring a minimum enercy noriod the space venici? will depart from zn

earth crodit iaclined te *ne egistor to normit o plarar prooelsion
L N N

w3, . "y 4t e o e £ LN ) B aN Lot - . - . (.
phasae. The trogst westo 40 41 me) wibn the velooies veotar during
e proptision chose, Ve TS LR ET Y T g teertautoy st er Yo
VEnICLe san attaine s CRHe sreogmt poagl e mne s of tipe Dortioler noane”
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The mid-course corrections sre Lo Y apolied in two increments.  The

frow Yaaunch st the second

shrt Ly prior to clanetary intercept.  ihe secsnd or terminal correction
\ S L. 14 . BN — - s .
for ostarlishiog the entry corridor {entry coceridor correction) provides

the s ren sosmntotice anpronch Al areo a3t ¥Yare,  Bolh correstions

) AT Ey the b epdector s Lo omainten 8 o omatant Lransfer bine.
‘ A irn ant e maneuver Lhat emnlovs the cre-pstrlisned asvmpbotic
Lobnistanse 1s recomrended,  The retro-thrust pronads
mAaniye s Sriibistog gt oo oajtitcde Joierained v nyperbolie approacn
voiocity of the venicle with respect o the plenet, An intarmediote
oroit is arisolishsd U enuure capture by the plunetary gravitational

field. The internediste oreit is corrected by Ycohmnan type maneuvers

to tie inal pecommonded 300 n, miL. cirveculer ornit,

Propulsion gsy.tem studies were conductcd for tnis mission using a

39,000 1 space wvehicle placed ip a 300 n. mi. earth orbit by a

-

NOWA d=t nocster venicle. Tho natural velocity increment seporasions
13 )

and storape periods involved indicate that a seposrate stage for each

L. . - N [ ™ ]
. of the twe major propulision rhases {Tarth and Mars) ke employed, The

o

apacse vericle is dosivned to be capsble of wneh st anytime during

7 crr-conth intervs! of earti orbit departure dates which occur at

~3

he stages are filled with the

i =106 R-~3208
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propellant requivements of the Jaunoch date,  The {lexshility peoraios
the basic vehicle to be applied to the optimam launch periods of o

namber of years. The space vebhirle is deseribed in Fig. =13,

The first siage for Facth-orhit departure uses Iiguid oxvgen, ligquid hy-
drogen as propellant=. The propolsion syvstem.operates af a constant

thrast le\*(‘:ll and 15 a pomp-fed ~yvotem.  The thrust Tevel for fhe nominsgd
vehicle has heen scelecved Lo be 150,000 1L thru=i.  Basod on the cugine

-

grouping in Phase 1 of this ctudv, the vropalsion systeon of thie stage

could be two 75 .000-Tb-thrust engines,  floweveer, §f pretervcd ihe

200,000 1b thruat (' -2) 0?31{3 engiie presently under develosions conld

be used with very fittle performunee chaage,  This pertorsance chaoge is
dtim(\nsi,x'ai',(éd in Fig. t-1%, which «<hows (Lo ofiect of the faree stage
thrust magnitnde open the vlave o toad-to-gross weipeht sacra. The
fiﬁ:ur% alsa shews the pe-darranee clage tar o selected thyas moontade
when the initial arows werght ot e qpace vehoeole s dhoagea, This

tl1lastrates the appiveaien o7 the opris o svatem ta o ather cohuobos

For {he vominal 355 000 1Y v hvcle s 2 wovond «iage chru<: dovel of

~

30,000 1L s recommended. Pigere - 00 presents fhe paviond-to s

welght rartio for (he cocnna a0 s a Voapen s of The pRhras Tt ghage i

sad the Jnctiad gress wetsid Prosh e dhe posfarmone e chave e o g
RS T




Form 500

~

\ /"('::"," T ———

Tarbo-

~
2

s ¥ 1bw,

N

-
= 5
5 Al |
N
=
2

Lecd. n Capacityr

= CTtare nesipned Lo

to vestart to change

-

Loacie

entoac ik antornediate ot it
‘o final oroit,

viriatdens
WEST e U230 Ybe,

,L80 11,080 1ks,

dn Variations
Y - 36,200 1w,
I

s AT5,

and

Recommenrded Two-Stage Vehicle fov Mars Orbit

Miaajion

R=3208



T

£ L4 VI0AD

T FIRPST 5746
| F/@S[ 5

@i

e e e e

ROSS WEIGHT

TABE &,

.,A*.__A ;...__:' _

+- e
| N

t

|
i

-t

—1

t
-

!
!

460 - B e TS U SUUUUUUI SN WU S S A
|

o l . ) g L":'—/{ ,’77"7 (.'/ij fL;E/DA/T//.UEF i : :
: § CN NOVEMBER 30,/964 R

t- 700K !

TR | SRR
S IS ~ : ‘ : ; ;

*. T R
. I . | H . i ! (l H : ;

R s Rl S LSRR U S O S

; ] : | !
_? =

o :

! i
i .
!

1
'

R R
SN S SR
1 j i : :
! : P P ; ; .
33204 . | FIRST STASE SPECIFICATIONS & . . ‘.
' ' CONSTANT THRUST ENGINE : : =

3280) ... SPECIFIC IsruLSE :42056C @ i i .
i STAGE INERT WE/IGHT, (LBS) T % :

.
o : :1 L STRUCTURE W7 = ooss'sw,,,m,,+o 777(w ) :
. b

8 ENCINE WT‘00,35£E§ ,,,,,,,,,, . "

- . _!~-; SR : LB THRUST! o ' :
o SERERY ‘._‘L-_.L.“..__‘%._. T"";"“' ] ;’.,‘_U.A ; L . St
'f,, I IR f T T ' ! i . : . !

:
!

| -

———
- e
s S

FIRST STAGE THRUS rﬂq

f

!
!
-1
i

/5800q  $50000 35Q 000 # 50,000 550,000 ;| 650,000
i | | ;
SRS SO ‘_._1 b S O ; - — j.

H/?_sr 55465 CROSS WEIGHT 1LBS

Fig_fnre 1-14. 200-Day Mars Transfer,
’ First-Stage Specifications

1-109 R-3208

M

AR T ivelum]) Rev ' A5



\ ' ! . a -= ‘ {
P EFARTH OFRBIT LEFASLTURE L 1
. T ONV NOVEMBER 30,/964 T 'I
: i 5 i S
oo SECOND STAGE SPECIFICATIONS : !
= 3L00y - CONSIANT THRUST ENGINE )
: ; SPECIFIC /IMPULSE 420 SFEC. :
I STAGE INERT WE/GHT:LES o R - T
S /. STRUCTURE wr.—.o.0555h§%/,+a077(14;,wp) 5
; R . S ENGINE W] = 0.0/351L85 e
o ; . LB THRUST ;
S . e |
) N SECOND STAGE 7HRUST [(L8S))
NI : e f
N : 2
Qi |
R | |
N i
N
BN
U
G
o
RV
\{ .
nSt\0 =
LLB N 29.601
N .
Q v ,
NN
/I |
V¥ 3
. 2800 — —_— , — .
: 2000 GO0 | /54 000 €0Q 000 25Q000 30qQ000
i B |
} L SECOND STAGE GAOSE WE/GHT Lbs
Figure 1-15. 200-Day Mars Trans.er,
Second-Stage Specifications
l1-110 R-%208

veliom Wge ) ofn



e et e et o mwE UL AN AVIATION TR

propulsion system operation with a change in the initial gross weight;
and the performence change for-a selected vehicle with a thrust

maghitude change.

L

For this stage_liqdid bxygen/liquid hydrogen propellants are
feasible. If the initial gross weight.of the space vehicle decreases
sighifiéaptly, §torab1e propellants appear moré aanntagéus.b As

the initial gross weight of the space véhicle increases tﬂe cryégenic
ﬁropellants definitely éppeér more favorable, The seoond stéke !
propulsion system is récommended as a cluster of three-10,000 1bs
thrud8t engines operating at a constant thrust level. One of the

engines must be restartable to change the intermediate orbit into

the final orbit. - The propulsion éystems will be pump-fed.

The mid-course corrections should be applied by an indepéndént system
with a capability of approximately 300 ft/sec total veloéify increment.
This system will be external to the sealéa second stage engine system,
The mid-course correction system may be an integral part of, or the
totality of the system required fér attitude control of the vehicle
during the transfer phase. Since attitude control system analyses
were beyond the scope of this study, no recommendations can be made

as to%the integration or separation of the mid-course propulsion

system with the attitude control system.
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A deseription of the propulsion systems used in this Mars mission

is presented in Tsbles |.27 and !-28based on the propulsion system

specification cataloge.
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TABLE - 1-27
SPACE PROPULSION SYSTEM SPECIFICATIONS

Mars Orbit Establishment Vehicle, First Stage

General Prgpul;ion System Description
I. Enefgy Requirements
A. Total Impulse Required
1. _Maximum' = 9,8766 x 107 lo-sec. .
2. Minimum = 5.8%0 x 107 1b-sec. |
B. Maximum Impulsé:
1. Increment = 9.,8766 x 107 lb-sec.
2e Mission: Egrnh Orbit Departure
C. M™inimum Impulse |

. Increment = 8,850 x 10/ lh~seg,

-

e

Ny

o Mission: Earth Crbit Departure

D. Number of Increments = 1

IT. Thrust
A. Magnitude
1. Stesdy-State Design-Thrust Mapnitude

a. Initial Tnrust-to-Earth Weight Ratio = 2.4237

i

0G 1b.

.
£,

be Auonluve Velus = 150,

vt

ce. 1 ohH
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o

{Continued)

2, Tolerance
3. Engine-to-eongine: +3.0 percent

te Hun-to-run: +1.0 perceat’

V]
.
r

“ten: None
e Continuous: None

lj« Mumter of Bestarts: 0]

fropellants
L. Composition: Liquid Oxygen/Liouid Hydrogen
3. Mixture Ratio

Rev. 1.58

(Sa Y

(o/f)

2. Tolerance: +5 percent

1. Nominal:

Specific Impulse

1. Reference Engine Parameters

a. Mixture Ratio:’ - g (o/f)
b. Chember Pressure: S00 psia ’
¢. Expansion Ratio: 30

2. Nominal Specific Impulse at Reference Conditions: L28 sec.
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Environmental Restrictionsg

A. Zero Gravity Propeilant Supply

1,

2.

3. Tank Venting: Non&

Space Storage of Propellants

l. Fnvironment:

[\
L]
9]

>torage Time: A few Aday

193]

a. Liquid Oxygen
1)

(2)

Lower: Propellznt

Uprer: Tropeliant

not exceer

:

b, Ligaid Hydregen

,
{1} Lower: Propellant
Propellant

eyxreod

IS
noy

C. Comporent Sesimn Restrictions:
D, System Purging Reguiremenis:

Nore

o Numbher of Turges:

Liquid/Vspor Separation Requirement:

Prepellant Temperature Limit

Provida

for engine start,

Number of Zero Gravity Engine Starts: 1

Earth Vicinity

S

Freezing
vapor pressure nd density must

e nd voet
LAtk and eng:

Presziog
7annr Tressure and densityemnet

Limit= of propellant tank an” -~

Protect from oor Design for

%)

L e e s e
pro Dieinity nvironmoend,

LR

liquid promells

N
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(Continved)
System Component Requirements
I. Alrirame and Propellant. Tanks
A. Propellants
1. Propeilsnt Description

a. Propeliints: Liquid Cxygen/Liquid Hydrogen

b.  Nominal Yixsure Ratic: £ {o/f)
2. Useable Propellant Weiphin

a.  Maximum: 235,570 1o,

b Minimum: 211,780 b,

3.  Reserve Propellant Weipht

“light Performance: 2,374 1b, (maximum)

b. Trapped: 3,220 1b. {maximum)
c. Tuel Rias: 1,290 1b. {maximum)
’ 4. Hoil-off: None

1, Tank Loads

-

1. Handling: g Lateral

(2%

. Atmozprere Fliipght: 3 g Axial
3. Space Flights L g Axial
Ce Zero Jravity Reoguirements
1. os/Liquid 3eparation: Provide liquid propellant for engine start.

?. Tank Yeniing: None
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"TABLE 1-27

(Continued)

Pressurization System

Purposes of Pressurization:

Provide sufficient NPSH for

turbopump operation and assist

in providing structural support

. 4
as required.

Gas Volume in Propellant Tank
l. Increments: 1
Environment
1. Storage
a. Time:

a few days

2. Thermal: Earth vicinity

Engine System

Propellant Description
1. Propellanté:
2. Mixture Ratio

5 (o/f)

a. Nominal:

b. Tolerance: +0.5 percent

Thrust

1. Nominal: 150,000 1b.

2. Tolerance

a. Run-to-Run: +1.0 percent

b. Engine-to-Engine: +3.0 percent

Liquid Oxygen/Liquid Hydrogen

R-3208
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TABLE 1-27
{Continued)
Cs Type of Feed System: Tursopump
D. Specific Impulse
1. Nominsl: L28 sec.
E. Throttling Requirement
l. Step: None
2. Continuous: None

F. Environment: Earth Vicinity

Loiiw
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TABLE 1-28
SPACE PROPULSION SYSTEM SPECIFICATIONS

Mars Orbit Establishment Vehicle

General Propulsion System Description !
I. Energy Requirements

A. Total Impulse Required

1. Maximm' = 3.3993 x 107 To-sec

2. Minimum = 2.0952 x 107 1b-sec
B, Maximum Impulse

l. Increment = 3.2907 x 107 1bmsec

2. Mission: Mars Intermediate Orbit Establishment
C. Minimum Velocity Increment

'l. Inci‘ement = 0 lbwsec

2. Mission: Mars Intermediate Orbit Correction

D, Number of Increments = 3
II. Thrust

A, Magnitude

l. Steady-state Design Thrust Magnitude

a. Initial Thrust-do-Earth Weight Ratio = 04,2470 -~ 0,3093

b, Absolute Value = 30,000 1b

1-119
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(Continued)

2. Tolerance

a, Engine~to-engine: 3.0 percent

I+

be Run-to-run: + 1,0 percent

Je Throtiling
a, Step: 3:1
b, Continuous: lone

L

e Number of Bestarts: 2
Propellants
A, Composition: Ldquid Oxypen/Tiquid Hydropen

B, Mixture Ratio

1. Nominal: 5 {0/
2. Tolcrance: + (U ;orcent

" o M t [
Coe Owecific Imulne

te tiefercnce Engine Parameiors

a. Mixlare Ravio: LAY
Be  Cunomver Presaure LMY ornig
Ce DLiuaalon dHatio 30
2o Nominal Suectflc crouise al Wwforenc Condit,

Pe it

Oonssy

u2b sec
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C. Component Design Restrictions: Protect from, or Design for
Earth-to-Mars vicinity,
F. System Purging Requirements:

1, Number of Purges: 2
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The maneuvers and staging employed for this orbital rendezvous miccian
are as followss A conventional boost maneuver is accomnlishud hy the
first and second stage of the booster vehicle. Thre cozst to'apogeg

1s followed by firing of the final stage to establich ~n orhit.

Upon apprpaching the target the final spagu is ieorited to accomnlish
the plane change leaving a small residual clusine volocity botueen

the target and vehicle. Multiple cn-off{ operation of the final

stage is used to achieve rendczvous while the zttitude control ;y”tcf
is used to perform the actual docking maneuver. fercdvmermic re-entry,
if required, is initiated by appiication of ratro—thruét by final
stage. This seauence appears atiractive on the =acic of relishility,

guidance requirements, and payload considerstions.,

A restartable, fixed thrust level, prescure fod, otorasrle pronsllant
system having an F/W ratio in +the orler of 2.1 is rocowconicd ou the
basis of reliability with consideration alzo Ziven to pavldad
capability and guidance requirements. The puvlead gensitivity to
various propulsion systems is low due to the small velocity increment
involved. The selected system is shown in Table 1-29 based on an

e

Ha?2 booster and a 300 n mi crbital miscion including a 5% plane

change. This system 1is further described in Table 1-30,

torm 608.-8 1 (velium) Rev. )} 58



It w2 supregtel thnt strone - VRS SRER AN ‘atioanal
shpecrts ol S rvendenvous mission since these wav be a mador factor

in Aetermining the mission charzcterisiics.
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TABLE 1-2Y9

RENDEZVOUS PROPULSTON SYSTEM

Payload, 1b , . 92,800

Propulsion System

Feed System _ : Positive Expulsion
Propellants MON, MMH
Propellant Weight. 1b 28,400

Tnert Weight, Ib 3200

Thrust, 1b 12,000

Restarts 3

R-3208



I.

II.

TABLE 1-30 : -

SPACE PROPULSION SYSTEM SPECIFICATIONS

Orbital Fstablislment and Rendezvous Vehicle

General Propulsion System Description

Energy thuirexﬁenta
A, TotalAIdeal Velocity incroment Required = 2700 fps
B. Maximum Velocity Increment |
1. Increment = 2200 fps .
é. Mission: 5 deg plane cba_ngo.
C. Minimum Velocity Increment
1. Increment = 1 fps -
2. Mission: Rendezvous
D. Number of Increnienta
1. Meximum = 4
2., Minimum = 2

E. Maximum Cutoff Impulse Velocity Uncertainty = 0.5 fpe

Thrust
A, Magnitlﬁ.
1. Steady-state Design Thrust Magnitude
a. Init’al Thrust-to-Earth Weight Ratio = 0.1

b, Absolute Value = 12,000 1b
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TADLE 1-50
(Continued)

Tolerance

n2
.

a. Fogine~to=Fngine: 4+ 3 percent
b, Run-to-Run:t + 1 percent
3. Throttling
'a. Step: None .
b. Continu.ousz None

L. amber of Restarts: 3

I11. Propellants
| A Com*‘position': Mixed Oxides of mtrcgen/Monome_thylhydr;zm .
B. Mixture Ratio e
1. ‘Naninal: 2.4 (°/m)
2., Tolerance: + 0.5 percent
c. épocific Impulse
1. Reference Engino Parameters
a, Mixturé Ratio: 2.4 (°/F)
- b, Chamber Pressure: 150 psia
¢. Expansion Ratio: 25

2. FNominal Fngine Specific Impulse at Reference Conditions:

IV. Envirommental Restrictions
A. Zero Gravity Propellant Supply .
1. Liquid/Vapor Separation Requirement: Provide liquid for

engine start.
L 3

R-3208
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4. Tank Venting: None

Space Storage 6f Propellants

l. Enviromment: FEarth Vicinity
2. Storaze Times 1 hr. to 1 day
3. Propellant Temperature Limits

a. Mixed Oxides of Nitrogen

(depending on landing requiremehts)

(1) Lower: Freezing (~76 F)

(2) Upper: Propellant vapor pressure and density shall |

not exceed limits of

b. Monomethylhydrazine

propellant tanks and engine.

(1) Lower: Freezing (-63 F)

(2) Upper: Vapor pressure and density shall not exceed

propellant tank or engine limits.

Component Design Restrictions: Design for operation in earth

vicinity space enviroment or provice protection from the

‘erviromment.

System Purging Requirements:

1. Number of Purges: 3

System Component Requirements

I. Airframe and Propellant Tanks

A,

2 crellum; ke,

Propellants

1-128
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TABLE 1-30
(Continued)

1. Propellant Doscribtion
a. Propellants: Mixed Oxides of Nitrogen/Monomethylhydrazine

b. Nominal Mixture Ratio: 2.4 (°/F)

2. Useable Propellant Weight: 28,000 1b

3. Reserve Propellant Weight

a. Flight Perfarmance: 280 1lb
b. Boil-off: None
B. Tank Loads
| 1. Handling: 4 g Lateral : .
.3. | Atmosphere Flight: 8 g Axial
| L. Space Flighf.: Lg Axlal
E. Zero Gravity Requirements
1. Gasﬂ.i&ui.d Separation: Provide liquid pI‘Op;!].lE'Jlt-S for
engine' starts. |

2. Tank Venting: None

II. Pressurization System’
A. Purposes of Pressurization: Provide energy for expelling
propellants from tank into combustion chamber
' B. Gas Volume in Propellant Tank

1., Increments: 4

=129 R-3z0x
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TABLY w30

/g D)
tlhonoriung!

Fniv irorment
l. Storare
s, iwmes Doy Maximum

J, Thermali Earth Vicinity

[

IiI., Zng've Cystem

A.

Propellsnt Lesuription -
1, Propsilants: Mixed (xides of Ninrogsn/Monowmethylhydrazine
s 1] & ‘
3, Mizxtre Ratle
a. Nomirelr 2.4 (9/F)

. Tolerancs: # 0.5 percent

Thrusd .
1. Naminal: 12,000 1b
2. Tol;'rrmce
a. Run-to-Run: 4 1 percent
*;. Eng ine-to-Engine: + 3 percent
Type ~f Faec Sysztem: Pressurized Gas
Specific Impulse |
1. Nominals 317 =ec - | oo
Throttling Requirement
1. Step: None
2. Continuous: None
Enviromment: Earth Vicinity
=130 ' R-3208
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large space vehicies are necessary. This is perticularly true faor
any exﬁendod trips such as to Mars or Venus. In view of this
requirement, it is reconmended that invest'igations be conducted in
the following areas to further define the design and operation

philcsophy for extended space missions,

Large Booster Vshicle Development

Development of larger booster vehicles will sllow the use of larger
space vehicles. Vehicles of the Nova ciass having initial thrusts ‘
in the 9 to 12 million pound range permit the use of a single spece
vehicle for mammed lunar landing and return missions. For more
extended space voyages, the space vehicle could be built-up in
orbit from models transported by several boosters. Purther investi-

gation of the design aspects, economic considerations, and operational

requirements should he conducted.

Earth Orbit Rendezvous and Vehicle Buildup

The assembly of space vehicles in an earth orbit will allow the
buildup of large space vehicles sufficient for manned flight.
Rendezvous guidance and propulsion techniques as well as methods

of vehicle assembly should be investigated.

1-132 R-3208
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Planetary and Lunar Rendezvous and Vehicle Buildup

Space vehicles c;n be built upnot only in the vicinity of the earth,
but in arbits around, or on the surface of, theMoon and planets.

A number of vehicles could be sent to the target ahead of the manned
vehicles, These could be used for assembly of a return vehicle,
furnishing supplies while on the swrface of the body, providing

vehicle redundancy, or refueling at some point during the trip.

Advanced Space Prbp:t;lsion System Development

‘I:he development of advanced propulsion systems such as the thermo=
nuclear and ion-electrical propulsion systeme would considerably
reduce the size of the space vehicles required for accomplishing
various space missions; This is particularly true for the extended
pianetary missions. An exsmple in the summary that for a Mars orbdit
gstablisknent and return mission the nuclear and ion space vehicles
‘were some 27 and 5 percent respectively of the size of the liquid:
chemical vehicle. The high specific impulses available with these
systems would greatly facillitate manned space flight. Investigation

of these advanced propulsion schemes should be contimued.

1-133 R-3208
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Particulate Radigtion Prediction and Protectie

The Targest single werght jtem in the life support caprules is
shielding used in proter ting the man from particulate radiation, CUapsute
weight and, thus, space vehicle weight could he significantly reduced.
This would be particularly ovident in ihe lunar mis=s<ion., FThrough pre-
diction of =oijar f‘llart-s and avoiding the Van Allen belts it iy he
pos=ibie to eliminate ihe shielding for mis<ion= of =port duration,

Where ‘fllt-sn environmontal facim = cannot he avoided, advanced shield-
ing methods, using elecironmuenecire fields foe example, mav result an e
considerable weaght saving: . Ve ious deags aed treatments might pos<ibiy

]

he discovered which would parirally "immanize” the asvronanrs 1o the

etftects of the radiation vresolting in lower shielding requirements,
0 B il . . A " .
ese meibodsshouhil be investigated prioe te mawmed flight in any ecase

and ofter the possihility of con=iderabie savings over the <hielding

weight= pre=entiv envisaioned

Considrrations for Manaed Missions

RHeliahi ity andg Ahort
SRS AL

— - [, O - ——

Marned space missions houtd bhe tnvesiggated oo rerme of mrs=on

veliehitrie and abort procedares, Boarlh 0f e Toatures o couid
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form 508 8 !

be investigated at all points of the mi-sions, The aborts considered
can result from minor malfunctions, catastrophic “xnalfunction, and factors
not related to the vrhicle such as a solar flare. It is possible

that an ultra~high reliaﬁility escape vehicle can be developed

which while perhapé pffering low performance will not compromise the

mission,

Reliability should also be considered in the overall propulsion

» A
system design and mission operation. S“ome methods of accomplishing
a mission may be more reliasble than others. The tradeoff between

energy requirements and reliability should be investigated.

MANEUVFR QRIENTFD SPACE PROPULSION INVESTIGATIONS

E Esc Phgse Propulsion

‘Analyses of propulsion for the earth escape phase, either for

initiation of a lunar or planetary mission, have provided basic
criteria which cheracterize these propulsion systems. These analyses
have indicated thrust levels, propellants, restart-requirements,
cutoff impulse tolerances, etc. The essumption that the space
vehicle be launched from an orbit around the earth is inherent

in all of the analyses.

1-178 R-3208
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Further investigation in ithig phase should be directed toward operational
aspects of the launch from orhit, and toward guidance and trajectory con-
tfols considerations, Specific flight trajeciories should be established

to investigate such areas as positioning or triggering for initiating the
space propulsion phase, orbital plane change requirements, and final orbital
flight trajectory aftitude confrol for the powered flight. These investi-
gations would provide the final eriteria for desigming a detailed inte-
grated px‘ppuls ion svstem vehicle stage. Mamyv of these requirements mentioned
are specific for each mission and would possiblyv be investigated under a
prime contract to develop an Earth-ecscape-phase stage. However, such an
investigation would likely be directed toward a specific mission. A\ gen-
eral investigation could consider numerous space missions and establish
general propulsion criteria for this Earth-escape phase which would be
applicable to numerous missinns. Basic review indicates that the J-2

200.000-1b-thrust engine, presentiyv under development, would provide

02 H2 ]

highly satisfactory propulsion for this stage.

Orbital Rendezvous

Ag previously mentioned, orbital rendezvous offers great promize for

usae in space missions, HReview of propulsion requirements {or orbital

vendezvous indicares several concepts can he uzed satisfacrorily,
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SONSSNEM

Space Transfer Phase Propulsion

It is reconmended that an investigation be conducted to provide
propulsioyn requiraments; snd propulsicn system descriptions, for
propulsive maneuvers required during the interspace transfer phase
nf the space mission. In this space transier phase, propulsion is

required for mideourse corrections, for gititude control, and for

terminal correciion meneuvers. Applicasble anelytical trajectory

efIort and propulsion analyses‘have been vnderteken in a nunber of
separate projecis, These have resulted in much usefal information
concerning the maneuver propulsion requirements. However, the effart
toward establishing definite propulsion systems and operational

procedures has been limited.

Space vehicles will require a midcourse carrection capability. Ths
uncertainty in the description of the physical universe 1# engineer-

ing terms, and the limitations of vehicle control maxe contr§1 ﬁandatory.
Investigations of this maneuver should definitely establish‘the types

of guidance systems to be used and their gpcuracies, 88 wvell as the
propulsion system limitations. Analyses should determine the number

and time of the corrections, and propulsion system features such as
thrust level, propellants, cutoff requirements, and general system

v

operation,
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Ventrcle attitude control will he essenfial to space missions: i} to pro-

vide specific vehicle orientation prior to wajor propulaton phases, 2Y ia
alter vehicle orientation during the mission without :xf.fe(:(‘ing .th trajec-
tory, and 3) to track celestial bodies. The various perturbing forces
must be iden.tifie.d and the propulsion requirementy determined. Areas 1in

which the different attitude control methods are applicable =tould be

identi fied.

The terminal corvection maneuver ix the tinal ccovection fo provide cerrect

initial conditions for the terminal, destination propilsion.  The eftfects

!
of continuousx modification of the trpajectory by perturbative factinrs and
L ]
-

deviations from predicted trajectavivs due to errors in otier coast-phase

corrections will be nepated during ithis tinal maneuver,

Propulsion syvstoems for thi= upplication ean be formulated chat will be

¥

applicable to a variciy of wpace mi=sions,

In the evaluation of propul=ion for the space transfer phase, the result-
ing systems wil! be analvzed to determine applicabilityv to other propulsion
requirements i1p the =pace mizxion Lo poevent duplicers propulsion systens,

A possible application wouwld be the arbit establishment or the landin
I [14

"maneuver for the mission terminal phase.
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Lacocurrent anadves s has provided the bhasie propulsion and in1ssisn require-

mepss to establish a Tunar landing, lake-off, and retarn mission, Alse,
tevar orbital and return mig=ion cviteria have bLeen o-tahiizhed. However,
i effort conducted hiae indieated certain aspects wvhielt should Ye sub-
tected to furtier snaiyses.  Ftfort to mininize engine copirnl and
rhrottling ereguirerents shonld be conducied baszed on o trajectory missinn
dvirdsia redve sehemes to fmprove the hoveriay laters: ?ovut;nﬁ uppration
shaze shou’'d he inveatigated furlher to possibly dvvo]op'sthemeg for mini-

mized propulsion requiremenis for this phase.

Anaiyvtieal design effort for the lunar mission should be cogducted'in two
main aveas.  The [irst area would be design aralyvsis of propulsion subsvstems
hased on the presentiyv furmulated propulsion svstem requirements. The
~econd would be analvtical missinn/trajeotory investigations to attempt to
further minimize propulsivn requirements, i.e,. engine contro! and

throttling.

Thie lunar mission design analyses could he conducted jointly by a propulsjon
and vehicle contractor to investigate propuluion svstems and their
integration with vehicle stage designs for the Lunar mission. This

effore wonld evaluate design details, such aspects as engine
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packaging, advantages of different preopulsion configurations, dynamie
analysis of the stage to determine control requirements; analysis

of possible damage resulting from a non-zero velocity impact.

The analytical investigation would be conducted to extend the

present mission/trajectory analysis in order to minimize the propulsion
system requirements. Methods of landing either direct or with'an
intermediate orbit which would negate the requirement for, engine
throttling would be attempted. Investigation of trajec£0r1e§ to
minimize the optimum thrust-to-weight, to minimize the propulsion
system components would be an a&ditionai phaée.of this analytical -

study.

Planetery Orbit Establishment

Present analysis of planetary orbit establishment propulsion has
established general requirements. However, the anelysis should be
extended to determino if a simple basic scheme for establishing a
planetary orbit can be achieved which wohld minimize the control
requirements both fram the propulsion and guidance/communication
standpoint. The interrelation of the interplanetary orbit phase
with the midcourses and terminal space correction propulsion require-
ments, indicate that such an analysis would be undertaken after

investigation of space transfer propulsion. It is anticipated that
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the detaileq studies of the orbit establiishment phase based on refinement
of the space correction propulsion and trajectory conirol can provide a
simplie scheme which will provide planetary orbit establishment with a min-
imu of control and readjustment, Addition#l trajectory analyses should
be initiated to investigate some trajectory details sych as the influence
of the moons of Mars on approach trajectories and the orbit inclinations

resulting from various transfer maneuvers.

Planetary landing and Return Propulsion

Review of the aspects of a planetary landing mission indicate that initial
landing missions undertaken will be based on powerwd—rotrothrust landing
rather than an atmosphere drag scheme, because of the lack of data on Lh§
planetary almospheric conditions. An analysis of propulsion requirements
for planetary landing should be undertaken to examine special pr0pulsi?n
ceriteria required. The basic velociiy requirements have been established.
Based on the lunar missién landing stndies, concepts of landing with inter-

mediate surveillance orbits have been formulated,

v

Pregent. analyvses have been primarily concerned with Farth planet transfers,
The reverse missions, iniviated at great distances from the Darth, should
he investigated., For either planetarv-orbii initiated or planetarv-takeoff

bhooster vehicles, the propulsion requirements. (rajectory accuracy, and
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operational characteristice resulting from the foreign planet operation

should be described,

The landing of a space vehicle on the Earth after a long return space
Voyagé should be analyzed for propulsive and operational requirements.'
Accuracy requirements for terminal corrections which prepare the vehicle
for aerodynamic re-entry should be evaluated, and tradeoffs befwcen re-
trothrust and Aerodynamic landings analyvzed to determine the desirable

single or combination system.

SPACE PROPULSTON SYSTEM DESIGN AND

OPERATIONAL INVESTIGATION

Cryogenic-Propellant Space Propulsion System Design

Analysis conducted has indicated the desirvability of high-energy crvogenic
liquid propellant syslems in the Earth space missions. However, the analysis
has also shown that the deep =pace missions which reguire a coast phase of

1 to 2 years (or louger) storable liguid propellants might achieve perform-
ance comparah!e t.0 ervogenic liquid propellants. The major problem area

in storage of liguid crvogenic systems i3 the heat transfer by conduction

within the vehicle svstem itself.
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A vnropulsion vehicle design gtudy to investigate specitic syslem designs
and the heat transfcr problems invelved should be undertaken to assure
the feaaibility of using the cryogenic liduid propeliant systems for long
space missions. The dotai;ed,design investigation of conduction heat
iransafer would provide data to determine the degree of performance ad-

vintage of the liquid cryogenic system,

Dats {rom current work which present basic boosters and space stage cri-
Lerts snch as sizes, thrust levels, ete. would provide the background
/ . . . . . ’
for the detailed designa of these space stages. The criteria that would
be investigated would be: the insulation weight vs propellant boiloff;
e L ]
methods of supporting the (inks to minimize conduciion heat transfer; pro-

pellant feed line concepts to minimize tonduction heat transfer; attitude

control systems to minimize solar radiation heating.

Imvestigation of meteoroid protection methods for the propulsion system
and stage design would also be included. The "Whipple meteor bumpers"
appear to be the best sYstem_at the present. Additional investigation is

needed to provide information sufficient for over-all aystem final design.

The analytical and design investigation for space propulsion stage sys-
tems could be a joint effort of a propulsion and vehicle contractor.
This basic design study would provide concepts and detailed design informa-

*ion for the propulsion and the space vehicle design aspects,
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Space Engine Envirommental Design

Propulsion system design and operation aspects should be investigated

. further from the standpoint of envirommental effects. Studies have been .
conducted in a number of separate areas and comprehensive study of these
features relating directly to the engine system would be of great benefit.
Multiple restarts in vacuum, valve leakage over long periods of time,

heat balance in the engine, and the subsystem designs are areas needihg

investigation to establish final design criteria.

Propulsion System Operating Parameters

Propulsion system parameters in this study have been selected from a con-
sideration of previous Rocketdyne studies. Methods for estimating
optimun values of several parameters have bgen presented. Investigations
of additional parameters, description of influencing faétors, selection

of optimum values, and indications of the tradeoffs involved in off design

operation would be beneficial.

Rocket Engine Exhaust Investigation

The operation of rocket engines in vacuum presents the possibility of
several problems. Jet spreading during vacuum operation may create heat-
ing problems in the vehicle boattail or on the propellant tanks. Investi-
gations would consider the actual geometry of the jet spread, the hgat

transfer mechanisms, and protective insulation schemes.
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The exhaust jet may create problems in landing in that it may interfere

with guidance and vision. The impact of the jet on the surface of a

body such as the Moon may create dust and erosion problems. Investiga-

tions would be concerned with infrared flame radiation, guidance opera-

tion, jet spreading, and jet erosion.
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